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Anaerobic digestion (AD) is arguably the most dominant technology for stabilizing organic 
waste as well as sewage sludge (SS) in wastewater treatment plants (WWTPs). A new AD 
approach namely anaerobic co-digestion (AcoD) has been an emerging technology during 
recent years. AcoD involves the concomitant digestion of multiple substrates which can help 
to enhance biogas production. Successful implementation of AcoD at existing WWTPs 
requires careful management of the risk associated with operational and environmental 
disturbances (e.g. organic overloading, high ammonia concentration and temperature 
fluctuation). Disturbances can result in alteration of microbial community – the core 
functional component of the system – to an extent that results in digester failure. Thus, 
achieving a comprehensive understanding of the microbial community during AcoD 
operation under steady state as well as during various perturbations (e.g., operational 
disturbance) are necessary for the improvement of process stability and efficiency. 
This study examined the changes in the microbial community during AcoD of SS and a 
carbon-rich organic waste (beverage waste - BW). Microbial community analysis was done 
using amplicon sequencing of 16S rRNA and mcrA marker genes on the Illumina Miseq 
platform. The first component of this study investigated microbial diversity and structure in 
response to AcoD with increasing organic loading rate (OLR). Biomass samples were 
collected from a lab-scale system at different BW to SS mixing ratios to cover a large range 
of OLR. Lab-scale digesters had working volume of 20 L and hydraulic retention time (HRT) 
of 20 days. The results showed a reduction in the community diversity (i.e. richness and 
evenness) and a shift in community structure as the OLR increased (by 86 and 171%) due to 
the addition of BW (at 10 and 20% v/v). Despite the decrease in community diversity (by 
29% in richness indices and > 14% in evenness indices), biogas production increased 
proportionally to the increase in OLR of up to 3.03 kg COD/m3/d (corresponding to an 
increase of 171% of OLR compared to AD of only SS). Further OLR increase (240%) led to 
the collapse of biogas production as well as significant reduction in both the microbial 
diversity and methanogenic population (total abundance of methanogens was < 4%). The 
methanogenic community was more sensitive to the increase in OLR compared to hydrolytic 
and fermentative bacteria. These results suggest that there is an OLR threshold at which the 




threshold, the enrichment of hydrolytic and fermentative bacteria, as well as inhibition of 
methanogenic community, can cause AD failure. 
The second component of this study evaluated the changes in microbial community diversity 
and composition in response to operational disturbance and recovery in pilot-scale anaerobic 
digesters. Pilot-scale digesters had working volume of 600 L and HRT of 20 days. An 
operational disturbance was imposed on the digesters after a stable operation phase by 
turning off circulation pumps and mixers while keeping hot water circulation to the water 
jacket at the bottom of the digester operated as normal. This created uneven temperature 
distribution inside the digesters. After that, new inoculum was added to facilitate digesters 
recovery. Biomass samples were collected throughout the experiment to cover both stable 
and unstable operation periods. Operational disturbance led to the enrichment of hydrolytic 
and fermentative bacteria (total abundance in the two digesters > 57%) and significant 
reduction of acetogenic bacteria (total abundance in the two digesters < 9%) and 
methanogenic populations (total abundance in the two digesters < 3%). The imbalance among 
core microbial groups caused volatile fatty acids accumulation and subsequent deteriorated 
performance in terms of biogas production (decrease by > 45% compared to the stable phase) 
and methane content (decrease from 63% to < 49%). Fresh inoculum addition (four times, 
each time 17% reactor volume) helped supply active microbes and facilitate digesters 
recovery. Microbial communities did not return to the original structures after recovery 
although the same level of performance was retrieved in terms of biogas production and 
methane content. These results suggest that during AcoD different microbial community 
structure can sustain a similar level of performance, a phenomenon commonly referred to as 
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CHAPTER 1: INTRODUCTION 
1.1. Background of the study 
Wastewater treatment is essential for the protection of public health and the environment. It is 
currently, however, also an energy-intensive exercise. Municipal wastewater treatment 
accounts for about 3% of global electricity consumption and 5% of global greenhouse gas 
emission [1]. An approach for the water industry to reduce its energy footprint is through 
anaerobic digestion (AD). AD is a well-established technology for sewage sludge (SS) 
stabilization in wastewater treatment plants (WWTPs). SS is an unavoidable byproduct of the 
wastewater treatment process. During AD, organic matter in SS is converted into biogas by 
microorganisms in the absence of oxygen. Biogas can be used to generate heat and electricity 
which in turn helps offset power demands of the WWTPs The produced biogas can be used to 
generate heat and electricity to offset energy demands of the WWTPs. However, AD of SS 
often associates with low biogas yield due to low carbon-to-nitrogen ratio [2]. 
In recent years, a paradigm shift toward the circular economy has resulted in renewed interest 
in AD technology as a platform to recovery resources from organic wastes and wastewater. 
This can be achieved through a process known as anaerobic co-digestion (AcoD) [2-5]. In 
AcoD, additional sources of carbon and nutrients (co-substrates) are included to produce 
more biogas and consequently more energy [6]. Existing anaerobic digesters in WWTPs 
usually operate at a low organic loading rate (OLR) with ample of spare digestion capacity 
thus AcoD can be applied directly. In addition to the recovery of energy from organic wastes, 
AcoD also diverts organic wastes away from landfill [3]. Thus, there has been a growing 
interest from water utilities around the world to implement AcoD in their existing facilities 
[3, 7-9].  
Various studies have been carried out on different co-substrate types such as the organic 
fraction of municipal solid waste (OFMSW), food waste (FW), fruit and vegetable waste 
(FVW), fat-oil-grease (FOG), and other materials. These studies reported encouraging results 
with the potential of enhancing biogas production by up to 400% in bench-scale and full-
scale digesters [10, 11]. Besides co-substrate compatibility, multiple factors are involved in 
the success of AcoD practice. These influencing factors include co-substrate pre-treatment 
efficiency, operational conditions and microbial dynamics. Among these factors, process 




functional component of the system. The microbial community involved in AD is diverse and 
complex. Four steps in AD process including hydrolysis, acidogenesis, acetogenesis and 
methanogenesis are accomplished by four corresponding microbial groups: hydrolytic 
bacteria, acidogenic (fermentative) bacteria, acetogenic bacteria and methanogenic archaea. 
These groups are interrelated and tight together by syntrophic interactions. Moreover, a 
balance between these interrelated microbial groups must be maintained in order to achieve 
digester operational stability and efficiency [12].   
1.2. Statement of the problem 
Although AcoD has vast potential, the risk of inhibition associated with AcoD at WWTPs is 
also significant due to organic overloading and the variation in both quality and quantity of 
organic wastes [4, 13]. Moreover, full-scale AcoD operation is vulnerable to changes in 
environmental conditions such as high ammonia concentration and temperature fluctuations. 
These changes can result in an altered microbial community structure and composition [14]. 
If the intensity of the change too high, the microbial community could be disturbed, causing 
an imbalance among core microbial groups which can lead to volatile fatty acids (VFAs) 
accumulation, microbial community inhibition and digester failure [15]. Nevertheless, 
previous studies on AcoD have focused mostly on optimizing the abiotic operating conditions 
such as co-substrate pairing, mixing ratio and OLR. To date, little work has been carried out 
on microbial community in AcoD of SS and organic wastes during stable operation and 
disturbance, thus a comprehensive understanding of the microbial community has not been 
achieved yet. Further studies on the microbial community are needed and insights gained 
from these investigations could be utilized to set microbial indicators of process performance, 
develop effective strategies for failure prevention, disturbance consequences mitigation and 
recovery time reduction [15, 16]. 
1.3. Research objectives 
This research aims to investigate dynamic changes in the microbial community and its link to 
other factors during the co-digestion process. The specific objectives of this research are to: 
 Evaluate microbial community dynamics during stable and transient AcoD operation. 





 Assess the impact of operational disturbance and inoculum addition on microbial 
community structure and diversity. 
 Corroborate the connection between the microbial community and process 
performance. 
1.4. Thesis outline 
This thesis consists of six chapters as shown in Figure 1. Chapter 1 introduces the 
background of this study and Chapter 2 provides a literature review. Chapter 3 contains the 
methodologies used to achieve the study objectives. Chapter 4 and Chapter 5 present the 
results from lab-scale and pilot-scale experiments in detailed discussions. Chapter 6 
summarizes the key findings from this study and recommendations for future work. 
 




CHAPTER 2: LITERATURE REVIEW 
2.1. Anaerobic co-digestion of sewage sludge 
2.1.1. Wastewater treatment 
Wastewater is used water discharged from human activities. It contains about 99% of water 
and 1% of pollutants [17]. Wastewater treatment is the process of removing or breaking down 
those pollutants. Traditional treatment includes the use of aerobic ‘activated-sludge process’ 
where microorganisms oxidize pollutants in an aeration tank (Figure 2). The end products of 
this process include clean water, grit, and SS. SS is normally a combination of sludge 
removed from primary clarification (primary sludge - PS) and waste activated sludge. 
 
Figure 2. Schematic description of the wastewater treatment process. 
Wastewater treatment is energy-intensive. As such, there have been many dedicated efforts to 
reduce the energy footprint of wastewater treatment [1]. One possible approach is energy 
recovery through the production of biogas via anaerobic digestion of SS.  
2.1.2. Sewage sludge treatment  
SS contains an array of pathogens, micro-pollutants, and in some cases, heavy metals and 
other hazardous substances, thus, it must be appropriately treated before releasing to the 
environment. The quantity of SS has increased significantly together with the improvement in 
sanitation in many parts of the world. The main goals of SS treatment are to reduce its 




stabilize the organic materials (to lessen the offensive odour of the sludge). The first step is 
called thickening, where the solid content (sludge) is increased by techniques such as belt 
press or centrifuge. The thickened sludge is then undergone the main treatment step before 
dewatering and final disposal.  
Among the available methods, AD is probably the most sustainable one when dealing with 
SS and it has been widely practised since the early 1900s. AD reduces the amount of 
biosolids to be treated and generates energy in the form of biogas. Anaerobically digested 
sludge is chemically and biologically more stable and contains significantly less pathogens. 
The suspended solids are also more easily separated from water relative to the raw sludge. 
Disposal methods of digested SS can either be landfilling, land spreading or incineration. 
2.1.3. Anaerobic digestion 
AD is a biological process where organic matter degradation is carried out by 
microorganisms in the absence of oxygen. Biogas, a mixture of methane (approx. 60% v/v), 
carbon dioxide (approx. 40% v/v) and trace level of other gasses, is generated as the 
biodegradable materials are decomposed. The obtained biogas can be combusted to produce 
electricity and heat; or processed into biomethane to be used as town gas and transportation 
fuel [8]. It is estimated that AD can produce a net energy output of 650 – 1000 kWhr per 
tonne of dry solid mass [18]. The other product of the AD process is called digestate, which 
contains valuable nutrients and organic humus. After dewatering, digestate can be applied to 
land as a fertilizer and soil conditioner [8].  
2.1.4. Anaerobic co-digestion  
AcoD refers to the digestion of a mixture of two or more substrates. The most common 
situation is when the main substrate is mixed and digested together with a smaller amount of 
one or a variety of additional co-substrates [19]. Common types of the main substrate are 
animal manure, SS, and biowaste while the most reported types of co-substrate are agro-
industrial wastes and OFMSW. SS is characterized by a low C:N ratio ranging from 6 to 9 
[20] which is not ideal for the digestion process. Thus, SS can be co-digested with organic 
wastes that have high carbon content such as OFMSW, FOG, crude glycerol (GLY), or FW. 
AcoD can be applied directly to existing anaerobic digesters in WWTPs to take advantage of 




Co-digestion can offer several benefits including digestion operational advantages, improved 
overall process economic, energy recovery and solid mass reduction. Digester operational 
advantages involve better nutrient balance, improved co-substrate handling, improved fluid 
dynamics [19], dilution of the potentially toxic compounds, adjustment of the moisture 
content and pH, an increase of the biodegradable material content, a wider range of bacterial 
strains taking part in the process [21]. Co-digestion of synergistic wastes can lead to changes 
in the microbial community and more rapid maximum methane production rate through 
enhanced microbial activity [22]. Overall process economic is enhanced due to higher biogas 
yields and energy production, additional income from gate fees paid for the waste materials 
digested and the possible use of existing anaerobic reactors in wastewater treatment plants for 
AcoD, with minor modifications and some additional requirements [23]. Regarding energy 
recovery and solid mass reduction, most of the chemical energy of the substrates is turned 
into biogas and less spent solids are to be processed and applied as fertilizer or soil 
conditioner [19]. 
Many studies on co-digestion have been published during recent years, investigated in several 
aspects with the aim to optimize process performance and maximize methane production. 
The main theme of these researches includes pre-treatment, types of co-substrate, microbial 
dynamics and mathematical modelling. While many researchers have succeeded in finding 
out the proper pre-treatment and co-substrate type and ratio to improve biogas yield, key 
mechanisms underlying microbial changes during process performance are still unclear. 
2.2. Microbial community during anaerobic co-digestion 
2.2.1. Role of microbial community in the anaerobic digestion process 
AD can be divided into four main steps: hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis (Figure 3). Each of these steps is accomplished by a guild of 
microorganisms with a specific function. The products of the previous step will be the 
substrates for the next one. Since these consecutive steps occur simultaneously within the 
digester, a balance among steps (i.e. reaction rate) or microorganism guilds must be 





Figure 3. Anaerobic digestion of organic matter (adapted from [24]). 
The first step, hydrolysis, is when all of the polymeric substrates including polysaccharides, 
lipids, and proteins are broken down into their constituent parts. Hydrolytic bacteria excrete 
extracellular enzymes such as amylase, cellulase, proteinase, lipase, and pectinase to carry 
out these conversion [25]. Many bacteria have been found to be involved in hydrolysis, but 
most of the known species belong to two phyla, Bacteroidetes and Firmicutes. The rate of 
hydrolysis depends on substrate chemical structure and other factors such as particle size, pH, 
enzyme production, diffusion, and adsorption of enzymes on the substrate particles [6, 26, 
27].  
Products of hydrolysis are then converted primarily to VFAs and other products such as 
alcohols, lactate, formate, CO2, and H2 by acidogenetic bacteria 
Bacteroidetes, Chloroflexi, Firmicutes, and Proteobacteria are phyla that include most of the 
key players in acidogenesis [28-31]. The generation of a huge amount of acid in high rate can 
lead to VFAs accumulation, pH drop and this can inhibit the activity of methanogens. 
Some of the intermediates from hydrolysis and acidogenesis cannot be directly utilized by 
methanogens thus they must be further transformed to acetate, CO2, and H2 through another 




LCFAs (generated when lipids and lignocellulosic compounds were hydrolyzed), several 
types of VFAs (propionate, butyrate, isobutyrate, valerate, isovalerate) and ethanol. 
Syntrophic acetogenesis step is crucial and in an intimate relationship with methanogenesis 
because of the following reason. H2 released by acetate bacteria, including members of the 
two genera Syntrophomonas and Syntrophobacter, can have toxic effects on microorganisms 
thus the reaction only proceeds if the H2 partial pressure is low enough. As there is a 
symbiosis for acetogens with hydrogenotrophic methanogens and/or other H2 utilizers, the 
produced H2 is continuously consumed, lowering the H2 partial pressure and ensuring the 
thermodynamic feasibility of acetogenesis [32]. This is a form of interspecies electron 
transfer and formate also take part in this process [33, 34]. Direct interspecies electron 
transfer (DIET) is another mechanism where electrons are transferred directly between 
species such as from Geobacter to Methanosaeta [35, 36]. DIET could be an important 
mechanism for stable AD in the future but more research is required to fully understand 
DIET mechanisms. 
In the final step, methanogenesis, methane is formed from acetate, CO2, H2 and methyl 
compounds by methanogens via different pathways. Until now, three types of methanogens 
have been discovered: acetoclastic, hydrogenotrophic, and methylotrophic. All of them are 
obligate methane-producers, however, they utilize different substrate for methane formation: 
acetoclastic methanogens use acetate, hydrogenotrophic methanogens use H2 or formate and 
methylotrophic methanogens use methyl compounds, such as methanol, methylamines, and 
methyl sulfide compounds [37].  Typically, about 70% of the CH4 is produced from acetate, 
and the rest from H2 and CO2, the amount of CH4 produced via methylotrophic 
methanogenesis is negligible [38]. Most commonly found acetoclastic methanogens belong to 
two genera Methanosaeta and Methanosarcina while hydrogenotrophic methanogens usually 
belong to Methanobacterium, Methanobrevibacter, Methanoculleus, Methanospirillum and 
Methanothermobacte genera [39]. The acetoclastic pathway is believed to be typical in AD 
process, however, under conditions that might be inhibitory to acetoclastic methanogens, 
methane production can occur via an alternative pathway name syntrophic acetate oxidation 
(SAO) [40]. This pathway involves syntrophic acetate-oxidizing bacteria (SAOB) who 
convert acetate to H2 and CO2 and hydrogenotrophic methanogens who can use these 




2.2.2. Microbial characterization and management 
The microbial community plays a pivotal role during the AD process. Characterization of the 
microbial community during stable operation as well as disturbance and recovery periods is 
essential for optimizing process performance, thus it has been an interest of many researchers 
for a long time. Three goals of microbial characterization were identified: to understand the 
anaerobic microbiome (the community structure and resilience after disturbances), to 
determine the relationships between community structure and digester function and to set up 
microbial indicator for process performance monitoring (microbial management) [25]. To 
date, four main aspects have been investigated: (1) the types of microorganisms involved in 
AD, (2) quantities of microorganism from different groups, (3) their dynamics during the 
digestion process and their behaviors under certain environmental conditions, (4) and how the 
microbial community structure relates to digester function [22]. The mechanism underlying 
these research aspects can help develop effective model and design improved systems, and in 
the future, manipulate the microbial community to increase stability and efficiency of AD 
process. 
2.2.3. Relating microbial community structure to digester stability and function  
In the effort to unravel the relationship between microbial community structure and digester 
function and stability, some key findings have been made. In terms of qualitative structure, 
microbial diversity or species richness (number of species) and evenness (relative abundance 
of species) play an important role in the system function [26-30]. This is explained by the 
three mechanisms to maintain the function of anaerobic microbiome: resistance, resilience, 
and redundancy. Resistance is when the population is able to withstand disturbances without 
composition changes, resilience is when the population is disturbed but it has the ability to 
recover after disturbances, and redundancy is when a brand new population, whose function 
is redundant with the original one, takes place following disturbances, thus not affecting 
digester performance [30, 31]. In terms of quantitative structure, effective mathematical 
models that are capable of describing the ways microbial community structure relates to 
digester function have not been developed completely due to the lack of microbial 
community descriptors. Such models could be used to design the seeding microbial 




2.2.4. Methods for microbial community characterization 
Advances in culture-independent molecular techniques have facilitated the study of microbial 
community structure and function. Each of the four main aspects related to anaerobic 
microbiome investigation can be addressed by a range of methods with different advantages 
and limitations. The principle of each method will also be discussed in the next sections.  
Two common steps in these methods are DNA extraction and DNA amplification. DNA 
extraction involves breaking the cell structure (lysis) and separating DNA from other 
undesirable impurities (such as proteins and cell debris). Lysis is often done using a 
combination of mechanical (sonicating or vortexing the sample with beads) and chemical 
strength (addition of salt and detergent solutions). The added reagents help remove lipids and 
proteins that make up the cell’s membrane. Cell debris is removed by centrifugation and 
protein precipitation is aided by the addition of a salt. In the past, DNA and protein are 
segregated by their solubility in different phases. When a mixture of phenol-chloroform is 
added, protein goes into the organic phase and DNA appears at the interface of the two 
phases and can be easily pooled. DNA is insoluble in alcohols thus it can be precipitated by 
mixing with cold ethanol or isopropanol and then centrifuging. DNA pellet is then washed 
with cold alcohol again to remove any impurities left, centrifuge and dry before re-suspended 
in a buffer (Tris or TE) or DNase-free water. Commercial DNA extraction kits that separate 
DNA using a spin column are readily available. The column contains a silica resin that 
selectively binds to DNA. Binding can occur after lysis or after protein precipitation. Next, 
DNA is washed with ethanol for one or two times, dried and eluted from the column. DNA 
presence and quality are often confirmed by gel electrophoresis. 
DNA amplification is normally done through polymerase chain reaction (PCR). In this 
reaction, DNA synthesis is carried out in a similar manner to DNA replication in the cell. 
Double-strand DNA (dsDNA) is denatured into single-strand DNA (ssDNA) by temperature 
(denaturation). Primers anneal to these strands (annealing) as they are used as the template 
for new strands synthesis. Next, a thermostable DNA polymerase incorporates four species of 
deoxynucleotide triphosphates (dNTPs) to the primer (elongation). After the new strands are 





Figure 4. Basic steps in DNA amplification using PCR (from [41]). 
2.2.4.1. Microbial diversity 
There are three widely used methods to assess the level of diversity of microbial 
communities: cloning and Sanger sequencing, next-generation sequencing (NGS) and DNA 
microarray. The principle of each method will be discussed in the next section while their 
advantages and limitations are summarized in Table 1. 
Table 1. Key advantages and limitations of methods for investigating microbial diversity. 




 Long reads length (700-1000bp) 
 High accuracy (99.99%) 
 Good coverage 
 Time-consuming 
 Low throughput 
 High cost  
NGS  High throughput, fast, low cost 
 Can work with low input DNA 
amount  
 Require a high-performance computer, 
large data storage, and personnel 
expertise for data analysis 
DNA 
microarray 
 Not influenced by PCR biases 
 High throughput, can be used in 
situ 
 Only detect the most abundant species  
 Only accurate in low diversity systems 
Cloning and Sanger sequencing technique involves clone library construction and analysis of 
the library using Sanger sequencing. The first step is to extract genomic DNA and carry PCR 
amplification of the marker gene (often the 16S rRNA gene) with universal primers directed 
to either Bacteria or Archaea domains. PCR amplicons are then purified and ligated into 




step is Sanger sequencing of the clones. Obtained sequences will be compared with reference 
sequences available in the database using analytic software and then clustered based on their 
similarity. Individual sequences with are grouped into Operational Taxonomic Units (OTUs) 
[42]. 
Sanger sequencing was developed by Frederick Sanger and colleagues in 1977 and is one of 
the first two rapid and efficient methods developed to carry out DNA sequencing. This 
method (also referred as chain termination method) involves the replication of a ssDNA 
template with normal and modified nucleotides. After annealing of primers to ssDNA, 
dNTPs, and dideoxynucleotide triphosphates (ddNTPs) are added to the reaction. DNA 
polymerase catalyzes the strand synthesis, however, it cannot distinguish between a dNTP 
and a ddNTP. Because ddNTP lack the 3’-OH needed for the formation of phosphodiester 
bonds between nucleotides within a strand, when a ddNTP is incorporated into the newly 
synthesized strand, it will prevent the addition of subsequent nucleotide and strand synthesis 
will terminate. The DNA molecule will no longer be elongated and the result is a DNA 
product with a ddNTP at the end of the strand. DNA sample is divided into four sequencing 
reactions, in each reaction four dNTPs and one of the four ddNTPs will be added and 
fragments of every size are generated. Finally, products of all reactions will be separated by 
electrophoresis and the interested DNA sequence will be directly determined by the gel 
image [43]. Several technical variations of Sanger sequencing are available, however, the 
most common one is dye terminator sequencing which uses labelled chain terminator 
ddNTPs. Each of the four added labelled terminator bases has different fluorescent dye (each 
of which absorbs at a different wavelength). When DNA fragments are separated using 
capillary electrophoresis, a laser beam is introduced and the light emitted by the fluorescent 
dye attached to each band is detected. A sequencer processes the signal and creates a graph in 
which peaks in different colour represent different bases [44].  
Although cloning and Sanger sequencing has been adopted worldwide, this technique has 
several limitations: low throughput, speed, resolution and high cost. Thus it is inadequate for 
investigating in complex environmental samples, especially for large-scale studies. 
The invention of NGS has overcome the limitations of cloning and Sanger sequencing 
technology. However, their principles are similar to, DNA fragments sequence are 




NGS brings sequencing to a new level by taking millions of reactions in a massively parallel 
fashion. The sequencing time is reduced because not only the number of samples is increased 
but also the need for a vector-based cloning procedure is eliminated [45]. 
The main NGS technologies include 454 pyrosequencing, Illumina sequencing, Ion 
semiconduction sequencing or Ion Personal Genome Machine (sequencing-by-synthesis) and 
SOLiD sequencing (sequencing by-oligo ligation). All of them have three main steps: library 
preparation, clonal amplification, and sequencing. For library preparation, DNA is sheared 
into small fragments after isolation. These fragments are then ligated to special adapters for 
amplification. Clonal amplification can be either emulsion PCR (used in 454 pyrosequencing, 
SOLiD sequencing) or bridge PCR (used in Illumina sequencing). Both emulsion and bridge 
PCR have the same basic principle with conventional PCR with some modifications (Figure 
5). In emulsion PCR, a primer that complementary to the adapter is attached to each clonal 
bead, thus DNA fragments are immobilized on these beads surface. Amplification takes place 
within aqueous droplets formed during emulsification. In bridge PCR, DNA fragments are 
immobilized on a surface flow cell coated with primers that correspond to the adapters. The 
free end of the ligated DNA strand can bridge to a complementary primer on the surface and 
amplification takes place. dsDNA is then denatured to generate ssDNA for the next cycle 
[46]. Finally, amplified products are sequenced by sequencing-by-synthesis technologies 
(rely on the detection of nucleotide incorporation into newly synthesized strand) or 
sequencing by-oligo ligation (rely on the detection of oligonucleotide fragments ligation to 





Figure 5. Clonal amplification in NGS platforms: (a) Emulsion PCR and (b) bridge PCR 
(from [46]). 
In the pyrosequencing approach, nucleotide incorporation was detected through a cascade of 
reaction. The reaction mixture includes ssDNA template, the sequencing primer, four 
enzymes (DNA polymerase, ATP sulfurylase, luciferase, apyrase) and two substrates 
(adenosine 5’ phosphosulfate (APS) and luciferin). Each type of dNTP is added separately to 
the reaction (a repetitive series of additions). When a dNTP is placed into the new strand, a 
phosphodiester bond between it and the previous dNTP is formed and a pyrophosphate 
molecule (PPi) is released. The quantity of PPi is equivalent to the amount of incorporated 
nucleotide. Under the action of enzyme ATP sulfurylase, PPi is converted to ATP in the 
presence of APS. Next, enzyme luciferase uses ATP to convert luciferin to oxyluciferin. The 
intensity of emitted light is proportional to the amount of ATP used. The created signals are 
detected and recorded as peaks in a pyrogram. The height of each peak is proportional to the 
number of nucleotides incorporated. Enzyme apyrase degrades ATP and unincorporated 
dNTPs so that the next type of dNTP could be added [47].  
In Illumina sequencing, after clonal amplification by bridge PCR, the flow cell is full of 
‘clusters’, each cluster consists of approximately 1,000 similar amplicons. A single flow-cell 
has eight independent lanes so eight independent libraries can be sequenced in parallel during 
the same instrument run [46]. DNA amplicons are linearized and a sequencing primer anneals 
to each ssDNA, DNA polymerase and four types of modified dNTPs are added to the 
mixture. Two components are attached to each nucleotide: one ‘reversible terminator’ at the 
3′ hydroxyl position and one fluorescent label corresponding to the nucleotide identity. The 
terminator allows single-base extension in one sequence cycle and the fluorescent label 
allows detection of incorporated nucleotide [48]. Both groups are chemically cleavable, thus 
after base incorporation and imaging of the label, both of them are cleaved for the occurrence 
of next cycle.  
Ion semiconductor sequencing is based on the detection of hydrogen ions released during the 
addition of nucleotides to the newly synthesized strand. Specifically, one pyrophosphate 
molecule and one hydrogen ion are released in each base incorporation. Thus the number of 
released hydrogens is equal to the number of bases incorporated. In the reaction, copies of the 
template strand and DNA polymerase are contained in microwells on a semiconductor chip. 




hydrogen ions are released and the solution pH is changed. This change is detected by an 
ISFET ion sensor. Unattached dNTP molecules are washed out before a different dNTP 
species is introduced. Electrical pulses produced by the chip are transmitted to a computer 
and translated directly into a DNA sequence. This technology eliminates the use of labelled 
nucleotides and optical measurements and speeds up signal processing and DNA assembly 
step. 
SOLiD stands for Sequencing by Oligonucleotide Ligation and Detection. This technique 
does not rely upon DNA synthesis (by enzyme DNA polymerase) but upon bases ligation (by 
enzyme DNA ligase). In library preparation, a universal P1 adaptor sequence is attached to 
each DNA fragment. After clonal amplification by emulsion PCR, amplified products (on 
beads surface) are covalently bound to a glass slide. Specific primers hybridize to the 
attached P1 adaptors. A set of four di-base fluorescently labelled probes is added to the 
reaction and these probes will compete for ligation to the primer. A di-base probe is 8 bp in 
length in which the first two bases are specific, and the rest are degenerate. When ligation of 
a di-base occurs, the corresponding fluorescence signal is detected, then the “fluor” tag is 
removed for the next cycle of ligation. The extension product is removed after a series of 
ligation, detection, and cleavage cycle. DNA template is reset with a new primer 
complementary to the n-1 position for the second round of ligation. By this process, each 
base is interrogated in two independent ligation reactions by two different primers [49].  
Each NGS technique has its own strength, long read length for 454 pyrosequencing, higher 
accuracy for SOLiD sequencing, higher speed and more stable quality for ion semiconductor 
sequencing. Nevertheless, among available NGS techniques, Illumina sequencing is the most 
widely used one as it offers a range of advantages over the others: high-throughput, cheap 
price, simple sample preparation and ease of method development. The MiSeq platform can 
generate up to 25 million single reads per run with a maximum read length of 2 x 300 bp 
while the HiSeq 2500 platform can generate up to 4 billion single reads per run with a 
maximum read length of 2 x 250 bp in its rapid run mode [50]. 
DNA microarray is a useful technique for fast phylogenetic identification or for detection of 
functional genes. It is based on hybridization between target DNA sequences in 
environmental samples and their complementary oligonucleotide probes attached on a 




amplicons are fluorescently labelled. When amplicons of the target sequences exposure to the 
microarray, they are hybridized to the corresponding probes and fluorescence can be detected 
using a confocal laser scanning microscopy. In theory, the intensity of the signal is 
proportional to the target species/genes abundance. This technique allows detection of 
thousands of genes at the same time and screening of microbial structure and activities [52]. 
However, it has two limitations: the occurrence of cross-hybridization and the limit that only 
species/genes that have corresponding probes on the microarray can be detected. 
2.2.4.2. Microbial quantification 
Quantification of the number of microorganism in a sample could be done quite easily using 
fluorescent in situ hybridization (FISH) or quantitative PCR (qPCR). Each technique has its 
own advantages and limitations which are summarized in Table 2.  
Table 2. Key advantages and limitations of microbial quantification methods.  
Method Advantages Limitations 
FISH  Not influenced by PCR biases 
 High throughput, can be used in 
situ 
 Lack of sensitivity and dependent on lysis 
and extraction efficiency 
qPCR  Real-time quantification  
 Fast, specific, sensitive, 
reproducible 
 Lower contamination and wider 
dynamic range than PCR 
 Target gene copy number variation  
 Bias from extraction method 
 Dependent on primers and probes 
specificity 
 Not applicable for unknown sequences 
FISH relies on nucleic acid hybridization between target sequences and probes. The probes 
are generally 18–30 nucleotides long and are labelled prior to hybridization (direct/indirect 
labelling). Modified nucleotides containing fluorophores are used for direct labelling while 
indirect labelling uses modified nucleotides that contain a hapten. Three main steps of FISH 
include fixation of the sample on a microscope slide, hybridization of labelled probes to 
target sequences, and detection of hybrids (Figure 6). Indirectly labelled probes require 
indirect visualization through an enzymatic or immunological detection system. Although the 




intensity. FISH eliminates the need to extract DNA/RNA because it allows in situ 
phylogenetic identification and enumeration of individual cells [53].  
qPCR is also called real-time PCR because this method enables measurement of amplified 
DNA in a real-time manner. Intercalating fluorescent dyes such as SYBR Green [54] or 
fluorescent probes (TaqMan) [55] are used for this real-time detection. The fluorescence 
increases proportionally with the increasing amount of product DNA during each cycle of the 
PCR. A fluorescence detection module monitors the fluorescence signal as amplification 
occurs. This method provides rapid and sensitive determination and quantitation of nucleic 
acid and can also be used to quantify gene expression when combined with a preceding 
reverse transcription reaction.   
 
 Figure 6. Basic steps in FISH analysis including cell fixation, probes hybridization 
and hybrids detection (from [56]).  
2.2.4.3. Microbial dynamics  
For the purpose of monitoring microbial dynamics during AD process, researchers have been 
relying on three genetic fingerprinting methods: denaturing gradient gel electrophoresis 
(DGGE), terminal-restriction fragment length polymorphism (T-RFLP) and single-strand 
conformation polymorphism (SSCP). These methods are simple and rapid ways to get an 
overall picture of the community. They allow simultaneous analyses of multiple samples 




members [58]. The principle of each method will be discussed in the next section while their 





Table 3. Key advantages and limitations of methods for investigating microbial dynamics 
(RE = restriction enzyme). 
Method Advantages Limitations 
DGGE  High throughput 
 Reliable, reproducible 
and rapid 
 PCR biases and dependent on sample handling, 
lysing and extraction efficiency   
 Only detects dominant species  
 One band can represent more than one species  
T-RFLP  Can be automated   
 High throughput 
 Reproducible  
 Low resolution, PCR biases  
 Dependent on extraction and lysing efficiency, type 
of polymerase and RE 
SSCP  Same as DGGE  
 No GC clamp and 
gradient 
 PCR biases 
 Some ssDNA have several stable conformations 
DGGE separates dsDNA fragments using the differences in their melting behaviour [59]. 
Sample DNA is extracted and amplified using PCR with primers targeting a specific 
molecular marker. A 5’-GC clamped forward primer is used during the PCR step in order to 
prevent the two DNA strands from complete dissociation during electrophoresis. Next, 
dsDNA fragments are subjected to an increasing denaturant environment in a polyacrylamide 
gel. The increase in denaturant concentration causes these fragments to melt out along its 
length in discrete segments or regions, called melting domains. Each melting domain has a 
sequence-specific melting temperature called (Tm) that even a single-base substitution is 
sufficient to alter the value of Tm. The melted structure (branch structure) reduce the DNA 
mobility in the gel. When fragments with different sequences move along the gel, they will 
melt at different concentration and therefore terminate migration at different positions 





Figure 7. The principle of DNA fragments separation in DGGE (from [61]). 
Theoretically, DNA fragments of the same length but with a difference in only base-pair can 
be separated [62]. DNA bands can also be excised from the gel, reamplified and sequenced or 
hybridized to specific probes for phylogenetic identification (Figure 8). DGGE is capable of 
analyzing multiple samples simultaneously, allowing the monitor of changes in microbial 
population and comparison between different communities [63]. 
 






Figure 9. Basic principle and steps in a T-RFLP assay (from [64]). 
T-RFLP is also a method based on sequence variations between PCR-amplified 16S rRNA 
genes. During PCR reaction, one 5’ fluorescently labelled primer is used. Next, PCR products 
are digested using restriction enzymes (RE), and terminal-restriction fragments (T-RFs) are 
separated by gel electrophoresis using an automated DNA sequencer (Figure 9) [65]. Each T-
RF can be counted as a single OTU or ribotype and the community diversity (species richness 
and evenness) is estimated by analyzing the banding pattern [66]. The banding pattern is 
simplified because only fluorescent labelled T-RFs are detected, allowing analysis of 
complex microbial communities. 
SSCP has the same principle with the two methods mentioned above: electrophoretic 
separation of DNA fragments based on the differences in mobility. Nevertheless, it is more 
simple and straightforward than DGGE and T-RFLP even though they have the same 
capability. SSCP does not require any GC clamped primers, gradient gels, REs or specialized 
electrophoretic apparatus. In this technique, PCR products are denatured into ssDNA then 
separated on a nondenaturing polyacrylamide gel [67]. Differences in sequences of ssDNA 
fragments (even of a single base pair) will lead to different folded secondary structures and 
thus different mobility in the gel.  
2.2.4.4. Microbial functionality 
Getting an insight into microbial functionality requires more complex methods than other 




coupled with in situ advanced microscopic methods and meta-omics approach. The principle 
of each method will be discussed in the next section while their advantages and limitations 
are summarized in Table 4. 
Table 4. Key advantages and limitations of methods for investigating microbial functionality. 
Method Advantages Limitations 






 Applicable to different media and 
contaminants 
 Link metabolic activities with 
taxonomic identity 
 No need to have prior knowledge 
of the microorganisms  
 Expensive compounds  
 Cross feeding can occur 
 Substrate dilution before its 
assimilation and incorporation 
 Not appropriate for contaminants 
used as terminal electron acceptors 
Meta-omics  Assess microbial community as a 
whole 
 Cannot provide information on the 
change in a particular gene/transcript 
in comparative analyses 
SIP enables targeting and analysis of the active populations in microbial communities using a 
stable isotope-labelled substrate [68]. Microorganisms who utilize the labelled substrate 
during growth will incorporate the isotopes within their biomass. Their DNA/RNA is then 
separated for phylogenetic identification by various methods such as genetic fingerprinting, 
clone library techniques or sequencing [69]. SIP can also be combined with advanced 
imaging and spectroscopy techniques, for example, FISH, microautoradiography coupled to 
FISH (MAR-FISH), Raman microspectroscopy coupled to FISH (Raman-FISH), or 
nanoscale secondary ion mass spectrometry (NanoSIMS) coupled to FISH (SIMSISH). This 
combination has enabled microbial community characterization at single-cell resolution [24].  
Meta-omics techniques (metagenomics, metatranscriptomics, metaproteomics, and 
metabolomics) are useful tools for the assessment of complex ecosystems as a whole. This is 
possible because these techniques have the potential to investigate in all aspects of microbial 
communities including community structure and function, interspecies interaction and 
responses to environmental conditions. 
Metagenomics is developed from the concept that the collective genome from an 




pure bacterial culture. This technique has eliminated the need for cultivation or prior 
knowledge of the microbial communities [70]. It differs from genetic fingerprinting 
techniques (discussed in section 2.4.3) as it provides information on both taxonomy and 
metabolic genes (i.e. all the genes that are presented in the community). This information 
gives researchers a more comprehensive view of the microbial communities: diversity and 
composition, evolution and interactions with the environment [71]. Genomic datasets can 
also be used for further studies on gene expression and proteomic. The construction of 
metagenomic library involves 3 steps: DNA extraction from an environmental sample, DNA 
fragments cloning into a vector, transformation of clones into a host bacterium and screening 
for positive clones. Screening can be done either by sequence-driven or by functional-driven 
analysis. The main disadvantage of metagenomics is that it creates a large amount of 
sequence reads with unidentified microbial origins or gene prediction. 
While metagenomics looks at all of the genes presented in the community (both active and 
inactive), metatranscriptomics monitor the true gene expression profiles through retrieval and 
sequencing of mRNA transcripts in microbial communities [72]. This method can facilitate 
the measurement of changes in gene expression and regulation corresponding to changes in 
environmental conditions. The main challenge in metatranscriptomics is to recover high-
quality mRNA from environmental samples. mRNA molecules have a short half-life and it is 
not easy to separate them from other types of RNA, especially rRNA. The abundant of rRNA 
molecules in the RNA extract can lead to overwhelming background sequences in 
sequencing, in other words, reduced sequencing depth for mRNA reads of the expressed 
genes and pathways [24]. 
Metaproteomics provides a clearer picture of metabolic functions than functional genes and 
corresponding mRNA transcripts of microbial communities as it helps to assess the 
immediate catalytic potential and characterize highly expressed proteins within an 
environmental microbial consortium [73]. Other available methods for structure-function 
analyses such as SIP or the combination of SIP and advanced microscopic methods only look 
at microbial group associated with a specific biogeochemical process. Protein profiling and 
proteofingerprint reveal protein abundances, protein-protein interactions and alterations in 
responses to environmental conditions. Metabolic functions can be assigned to individual 
microbial species by linking proteins with corresponding metagenomic sequences. 




sample, generation of a community proteofingerprint by electrophoresis and identification of 
proteins. Rapid identification of proteins in complex mixtures with high sensitivity can be 
done using high-efficiency mass spectrometry integrated with liquid chromatography [57]. 
Characterization of protein mass fingerprinting data is also supported by available web-based 
services such as ExPASy (Expert Protein Analysis System; http://www.expasy.org/). The 
limitation of metaproteomics is to extract an adequate quantity of high-quality, representative 
protein fraction from the sample. This is a complicated task due to the broad range of protein 
expression levels within microorganisms, uneven species distribution, large genetic 
heterogeneity within the microbial community [71] and the presence of other compounds.  
2.2.5. Current knowledge 
As mentioned before, while a variety of abiotic factors including start-up strategies, pre-
treatments, substrate compositions, OLR and hydraulic retention time (HRT) in AcoD have 
been evaluated, microbial community dynamics (biotic factor) relating to operating 
conditions and digestion performance have rarely been investigated. The number of papers on 
this topic is negligible compared to the total number of papers on AcoD (Figure 10). 
Nevertheless, the theme of microbial dynamics has received more attention in recent studies. 
Details about the substrates investigated, methods used and important findings of these 
studies are summarized in the following section (Table 5-Table 12). 
 
Figure 10. The number of papers on the topic of AcoD and microbial community during 
AcoD. Data was collected from Scopus and PubMed database. Keywords used:  microbial 




Table 5. Studies using cloning and Sanger sequencing method to characterize microbial community during AcoD. TE = trace element; CM = cow manure; PM 
= pig manure; CD = cassava dregs. The “*” means other methods were also used in this study. 
Substrate Findings Ref. 
SS and kitchen 
garbage 
 Major species: Gram-positive bacterial sp. (4.2-23.9%), Coprothermobacter sp. (4.2-23.1%), Dechloromonas denitrificans 
ED1T (5.4-15.8%), Clostridium sp. (18%). Coprothermobacter sp.: key microbe in hyperthermophilic acidogenesis 
[74] 
Chicken feathers and 
co-substrates* 
 Different substrates: different archaeal communities. Distribution of archaeal groups: correlated to the ammonia levels 
 Major archaeal orders: Methanomicrobiales, Methanosarcinales, and Methanobacteriales 
[75] 
Household waste and 
albumin* 
 Methanogenic and acetogenic community structure: strongly affected by operating temperature 
 TE addition: support the dominance of Methanoculleus bourgensis (64–96%) at 37oC and alter acetogenic community  
[76] 
FW and brown water*  Major bacterial phyla: Firmicutes (72%), Bacteroidetes (24%). Microaeration: higher diversity and Firmicutes abundance [77] 
FW and brown water*  Bacterial community: more diverse in two-phase than in single-phase reactors 
 Major bacterial phyla: Firmicutes (8-49%), Bacteroidetes (40-51%), Proteobacteria (13-50%) 
 Major archaeal genus: Methanosaeta (76-86%) 
[78] 
CM and corn stover*  Populations of Bacteroidetes, Clostridia and methanogens related to biogas production 
 HRT and corn stover addition: changed the microbial community structure 
[79] 
Dairy and poultry 
wastes* 
 Increases in OLR and ammonia levels: no effect on archaeal community structure 
 Non-methanogen archaeal populations dominated in the digesters 
[80] 
OFMSW and FOG*  FOG waste addition: affected bacterial community more than the archaeal one 
 Major bacterial phyla: Firmicutes, Bacteroidetes, Synergistes and Thermotogae 
 Major archaeal orders: Methanobacteriales, Methanomicrobiales and Methanosarcinales 
[81] 
PM and cassava pulp*  Microbial composition: different in single-phase and two-phase reactors. Major archaeal genus: Methanosaeta (68.6-75.7%). 
Single-phase reactor: major bacterial phylum - Bacteroidetes (55.3%). Two-phase reactor: major bacterial phylum - 
Firmicutes (88.5%).  
[82] 
PM and CD*  Major bacterial phyla: Firmicutes, Bacteroidetes, Chloroflexi, and Proteobacteria 
 Archaeal quantity and diversity: affected by co-substrate ratio. Major orders: Methanobacteriales and Methanomicrobiales 
[83] 
CM and switchgrass*  Co-substrate ratio: affected bacterial communities. Major phyla are ubiquitous in most anaerobic digesters [84] 
CM and FW*  Bacterial community: influenced by temperature and co-substrate ratio. Archaeal community: influenced by temperature  





Table 6. Studies using pyrosequencing method to characterize microbial community during AcoD. CM = cow manure; FWW = food wastewater; MR = meat 
residues. The “*” means other methods were also used in this study. 
Substrate Findings Ref. 
CM and fish waste  Major archaeal genus: Methanoculleus (0.15%-0.26%) 
 Major bacterial phyla: Firmicutes, Bacteroidetes, Cloacimonetes (altogether accounted for 40-50%) 
[86] 
SS and GLY  Dominant groups: not affected by GLY addition or concentration 
 Phylum Thermotogae: emerged as a niche population during co-digestion due to glycerol addition 
[87] 
CM and straw  Microbial composition: stable and similar over time in all digesters. Major archaeal genus: Methanosarcina (90.3-99.5%) 
 Major bacterial phyla: Firmicutes, Bacteroidetes, Cloacimonetes (altogether accounted for 92-98%) 
 Straw addition and increasing temperature: decreased species richness and evenness  
[88] 
CM and whey 
permeate 
 Major bacterial phyla: Bacteroidetes (44-52%), Firmicutes (35-40%) 
 Major archaeal order: Methanomicrobiales (52-53%)  
[89] 
Various waste types  Substrate differences and temperature: governed microbial composition 
 Major bacterial phylum: Firmicutes (25-69%). Phylum Thermotogae: higher abundance in thermophilic condition (19%)  
[90] 
Manure and other co-
substrates 
 Similar methanogen profiles in two digesters. Dominant methanogen: Methanosarcina-related OTU 
 Major orders in the last digester: Methanomicrobiales (49.1%), Methanosarcinales (26.1%), Methanoplasmatales (17.5%), 
and Methanobacteriales (7.3%) 
[91] 
SS and high-strength 
FWW* 
 FWW load and operating temperature: strongly affected bacterial community diversity and composition 
 Microbial population: maximum when the co-substrate ratio was 75% in both reactors 
[92] 
CM and corn stover*  Populations of Bacteroidetes, Clostridia and methanogens related to biogas production 
 HRT and corn stover addition: changed the microbial community structure 
[79] 
FVW and MR*  Major bacterial phyla: Firmicutes (89.5%), Actinobacteria (6.9%), Bacteroidetes (2.3%) 
 Major archaeal populations: hydrogenotrophic methanogens. Major order - Methanobacteriales (>93%) 
[93] 
Agricultural wastes*  Major bacterial phyla: Firmicutes (23-79%), Bacteroidetes (8-44%). Major archaeal orders: Methanomicrobiales and 
Methanosarcinales 
 Microbial composition: influenced by the feedstock type and temperature. Conventional substrates: stable and similar 
communities, special substrates: distinct and less diverse communities 
[94] 
CM and FW*  Bacterial community: influenced by temperature and co-substrate ratio. Archaeal community: influenced by temperature 





Table 7. Studies using Illumina sequencing method to characterize microbial community during AcoD. CS = corn straw; CM = cow manure. The “*” means 
other methods were also used in this study. 
Substrate Findings Ref. 
SS and FOG  FOG addition and loadings: affect microbial community (richness and diversity) [95] 
SS and FW  Major bacterial phyla: Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria 
 Major archaeal genus: Methanosarcina (30.1-49.9%), Methanoculleus (44.6-50.4%) 
 Genus Methanosphaera emerged suddenly then decreased gradually in the reactor treating pretreated FW with SS  
[96] 
CS and chicken 
manure  
 Co-digestion promote the growth of Euryarchaeota (from 93.3 to 95.8%, 86.7% to 92%) and Firmicutes (from 37% to 
39.3%, 7.3% to 44.7%) 
[97] 
PM and molasses 
alcohol wastewater 
 Bacterial community structure and composition: varied during the process (especially Syntrophomonadaceae family) 
 Co-substrate ratio: affected species abundance, not major OTUs 
[98] 
SS and organic waste  Major bacterial phyla: Firmicutes (40–49%), OP9 (11–13%) and Synergistetes (7–10%) 
 Major archaeal genus: Methanothermobacter (38-95%) and Methanosarcina (5-62%) 
 Feedstock composition and HRT: affected species presence and relative abundance 
[99] 
Potato and cabbage 
waste 
 VFAs level: modified the microbial community and enhanced methane production 
 Major archaeal genus: partially shifted from Methanosaeta (74%) to Methanosarcina (11.8%) and Methanobacterium (9.4%) 
in co-digestion. Major bacterial phyla: partially shifted from Firmicutes (18.3%) to Bacteroidetes (19.9%) and 
Proteobacteria (17.1%) in co-digestion 
[100
] 
CS and manure liquid  Dominance of Methanobacteriaceae (26.5-41.4%), Methanosaetaceae (3-28.3%). Straw type affected community diversity [101
] 
PM, fish waste, beet 
molasses residues* 
 Ammonium increase: no significant effect on the bacterial community. Major phyla: Firmicutes (70-88.1%) and 
Bacteroidetes (2.5-15.8%). Pseudomonadaceae, Carnobacteriaceae and Clostridiadaceae resisted high ammonia levels 
 LCFAs increase: a higher abundance of Firmicutes members. Anaerobaculaceae family confronted high lipid concentrations 
(6.7-15.4%). Archaeal community: do not adapt to gradual changes in environmental conditions 
[102
] 
PM, fish waste, beet 
molasses residues* 
 Major bacterial phyla: Firmicutes (65–75%) and Bacteroidetes (15–25%). Major archaeal order: Methanosarcinales (35-
65%) in stable operation. Hydrogenotrophic pathway: dominated in both low-temperature performance and recovery period 
 Temperature drop: provoked shifts from Firmicutes to Bacteroidetes and from Methanosaeta to Methanosarcina 
[15] 
CM and oleate*  LCFAs feeding strategy and loading rate: affected microbial community structure (enriched LCFAs-degrading bacteria) [103
] 




 Appropriate loadings: identified based on FOG to Syntrophomonas ratio. Transient loadings: allows sufficient time for 
microbial community adaptation 
] 
Table 8. Studies using FISH method to characterize microbial community during AcoD. MSW = municipal solid waste. The “*” means other methods were 
also used in this study. 
Substrate Findings Ref. 
SS and OFMSW  1st phase: major bacterial genera - Clostridium (76% of total Firmicutes) 
 2nd phase: dominance of other Firmicutes-genera, major archaeal order: Methanobacteriales 
 Methanogens abundance: decreased when acidogenic effluent was fed into the methanogenic reactors 
[105] 
Manure and organic 
waste or SS and MSW 
 Mesophilic digesters: greater methanogenic diversity. Presence of Methanobacteriales in all digesters 
 Manure digesters: major archaeal family - Methanosarcinaceae with high levels of ammonia and VFAs 
 SS digesters: major archaeal family - Methanosaetaceae with low levels of ammonia and of VFAs 
[106] 
Chicken feathers and 
co-substrates* 
 Different substrates: different archaeal communities. Distribution of archaeal groups: correlated to the ammonia levels 
 Major archaeal orders: Methanomicrobiales, Methanosarcinales, and Methanobacteriales 
[75] 
PM, fish waste, beet 
molasses residues* 
 Ammonium increase: no significant effect on the bacterial community. Major phyla: Firmicutes and Bacteroidetes 
 LCFAs increase: higher abundance of Firmicutes members 
 Archaeal community: do not adapt to gradual changes in environmental conditions 
[102] 
PM, fish waste, beet 
molasses residues* 
 Major bacterial phyla: Firmicutes (65–75%) and Bacteroidetes (15–25%). Major archaeal order: Methanosarcinales (35-
65%) in stable operation. Hydrogenotrophic pathway: dominated in both low-temperature performance and recovery 
period 
 Temperature drop: provoked shifts from Firmicutes to Bacteroidetes and from Methanosaeta to Methanosarcina 
[15] 
FW and brown water*  Bacterial community: more diverse in two-phase than in single-phase reactors 
 Major bacterial phyla: Firmicutes (8-49%), Bacteroidetes (40-51%), Proteobacteria (13-50%) 









Table 9. Studies using qPCR method to characterize microbial community during AcoD. WS = whole stillage; TE = trace element; MSW = municipal solid 
waste; MR = meat residues; PM = pig manure; CM = cow manure. The “*” means other methods were also used in this study. 
Substrate Findings Ref. 
Various waste types  Microbial community: shifted away from the inoculum. Substrates composition: influenced species relative abundance 
 Substrate mixtures with antagonistic interaction inhibited methanogens, synergistic interactions promoted their growth 
[107] 
Manure and WS  OLR, VFAs accumulation, HRT, substrate composition: no effect on methanogens and acetogens abundance [108] 
SS and FW leachate*  Major phyla: Bacteroidetes, Firmicutes, and Actinobacteria. Bacterial and archaeal amounts are higher in co-digestion [109] 
SS and high-strength 
FWW* 
 FWW load and operating temperature: strongly affected bacterial community diversity and composition 
 Microbial population: maximum when the co-substrate ratio was 75% in both reactors 
[92] 
Household waste and 
albumin* 
 Methanogenic and acetogenic community structure: strongly affected by operating temperature 
 TE addition: supported dominance of Methanoculleus bourgensis (64–96%) at 37oC and altered acetogenic community 
[76] 
Activated sludge and 
kitchen 
waste/molasses* 
 Bacterial community structure: determined by substrate composition and operational conditions 
 Methanogenic community profile: remained stable in optimal conditions. Major family: Methanosaetaceae 
 Co-digestion resulted in overall higher methanogenic copy numbers, especially for Methanosarcinaceae family 
[110] 
Cattle excreta and 
olive mill wastes* 
 Archaeal communities had high phylogenetic richness. Major archaeal genus: Methanosarcina 
 Thermophilic condition: hydrogenic methanogens increased, yielding the highest biogas production 
[111] 
MSW, FVW and 
night soil waste* 
 Major populations abundance: varied significantly with environmental conditions. Co-digestion supported different 
bacterial and methanogenic pathways. Seeding the waste at the beginning resulted in community stability 
[112] 
FVW and MR*  Major bacterial phyla: Firmicutes (89.5%), Actinobacteria (6.9%), Bacteroidetes (2.3%) 
 Major archaeal populations: hydrogenotrophic methanogens, major order - Methanobacteriales (>93%) 
[93] 
FVW sludge and 
fresh artichoke waste* 
 Major methanogenesis pathway: acetoclastic. Major genera: Methanosaeta, Methanoculleus (1st phase), Methanosarcina 
(2nd phase). Fresh artichoke addition: changed Methanosaeta and Methanoculleus abundance 
[113] 
PM and CD*  Major bacterial phyla: Firmicutes, Bacteroidetes, Chloroflexi, Proteobacteria 
 Archaeal quantity and diversity: affected by co-substrate ratio. Major orders: Methanobacteriales and Methanomicrobiales 
[83] 
CM and oleate*  LCFAs feeding strategy and loading rate: affected microbial community structure (enriched LCFAs-degrading bacteria) [103] 
SS and FOG*  FOG addition: enriched methanogens (Methanosaeta, Methanospirillum) and LCFAs-degrading bacteria 
(Syntrophomonas) 
 Appropriate loadings: identified based on FOG to Syntrophomonas ratio. Transient loadings: allows sufficient time for 
microbial community adaptation 
[104] 




Table 10. Studies using DGGE method to characterize microbial community during AcoD. CM = cow manure; CS = corn straw; PM = pig manure; MSW = 
municipal solid waste. The “*” means other methods were also used in this study. 
Substrate Findings Ref. 
CM and CS  Major bacterial phylum: Bacteroidetes, major archaeal genera: Methanocorpusculum and Methanospirillum 
 Enzymes: no harmful effect on hydrolysis microbial community structures 
[114] 
Cattle manure and 
dairy effluent 
 Microbial community structure: changed during digestion and with the decrease of HRT 
 Major bacterial phyla: Bacteroidetes, Firmicutes, Synergistetes, and Betaproteobacteria. Major bacterial order: 
Bacteroidales. Major archaeal orders: Methanobacteriales, Methanomicrobiales, Methanosarcinales 
[115] 
CM and whey  Operating parameters changes: no effect on the archaeal community 
 H2 addition: altered archaeal species relative abundance, led to the appearance of Methanothermobacter 
thermautotrophicus 
[116] 
FVW and FW  Co-substrate ratio increase: gave rise to Methanoculleus, Methanosaeta, and Methanosarcina 
 Community shift: correlated with the composition of acidogenic products and methane production yield 
[117] 
Ulva biomass and 
cheese whey 
 Microbial community: affected by start-up conditions and the co-substrate ratio 
 Ulva biomass: influenced the community structure more than whey 
 Dominant archaeal population: Methanosaeta-related methanogens 
[118] 





 Microbial community: shifted clearly over time. Major archaeal classes: Thermoplasmata and Methanomicrobia 
 Major bacterial phyla: Firmicutes and Bacteroidetes, major order: Bacteroidales 
[120] 
FW and biosolids  Different co-substrate ratio and operations: different microbial composition 
 Archaeal community structure changes: no effect on functional ability 
[121] 
SS and FW leachate*  Major phyla: Bacteroidetes, Firmicutes and Actinobacteria. Bacterial and archaeal amounts are higher in co-digestion [109] 
PM, fish waste, beet 
molasses residues* 
 Ammonium increase: no significant effect on the bacterial community. Major phyla: Firmicutes and Bacteroidetes 
 LCFAs increase: higher abundance of Firmicutes members 
 Archaeal community: do not adapt to gradual changes in environmental conditions 
[102] 
Activated sludge and 
kitchen 
waste/molasses* 
 Bacterial community structure: determined by the substrate composition and operational conditions 
 Methanogenic community profile: remained stable in optimal conditions. Major family: Methanosaetaceae 






Table 10 (continued) 
 
Substrate Findings Ref. 
OFMSW and FOG*  FOG waste addition: affected bacterial community more than the archaeal one 
 Major bacterial phyla: Firmicutes, Bacteroidetes, Synergistes and Thermotogae 
 Major archaeal orders: Methanobacteriales, Methanomicrobiales and Methanosarcinales 
[81] 
MSW, FVW and 
night soil waste* 
 Major populations abundance: varied significantly with environmental conditions. Co-digestion supported different 
bacterial and methanogenic pathways. Seeding the waste at the beginning resulted in community stability 
[112] 
PM and cassava pulp*  Microbial composition: different in single-phase and two-phase reactors. Major archaeal genus: Methanosaeta (68.6-
75.7%).  
 Single-phase reactor: major bacterial phylum - Bacteroidetes (55.3%). Two-phase reactor: major bacterial phylum - 
Firmicutes (88.5%) 
[82] 
PM and CD*  Major bacterial phyla: Firmicutes, Bacteroidetes, Chloroflexi, and Proteobacteria 
 Archaeal quantity and diversity: affected by co-substrate ratio. Major orders: Methanobacteriales and Methanomicrobiales 
[83] 
CM and grass silage*  The archaeal community: stable throughout the operational period. Major bacterial phylum: Bacteriodetes 
 Co-substrate ratio (40%) and increase in OLR: altered bacterial community structure 
[122] 
PM, fish waste, beet 
molasses residues* 
 Major bacterial phyla: Firmicutes (65–75%) and Bacteroidetes (15–25%). Major archaeal order: Methanosarcinales (35-
65%) in stable operation. Hydrogenotrophic pathway: dominated in both low-temperature performance and recovery 
period. 








Table 11. Studies using T-RFLP method to characterize microbial community during AcoD. CM = cow manure; TE = trace element. The “*” means other 
methods were also used in this study. 
Substrate Findings Ref. 
Brewery wastewater 
and yeast 
 Archaeal community structure: no shift was detected (only 7% dissimilarity between initial and final structures) 
 Bacterial community structure: changed significantly (32% dissimilarity between initial and final structures) 
 Yeast addition: no disturbing or inhibiting effects on the anaerobic process 
[123] 
Dairy and poultry 
wastes* 
 Increases in OLR and ammonia levels: no effect on archaeal community structure 
 Non-methanogen archaeal populations dominated in the digesters 
[80] 
Agricultural wastes*  Microbial composition: influenced by the feedstock type and temperature. Conventional substrates: stable and similar 
communities, special substrates: distinct and less diverse communities 
 Major bacterial phyla: Firmicutes (23-79%), Bacteroidetes (8-44%). Major archaeal orders: Methanomicrobiales and 
Methanosarcinales 
[94] 
CM and FW*  Bacterial community: influenced by temperature and co-substrate ratio. Archaeal community: influenced by temperature 
 Community structure changes enhance digestion performance for biogas and homogenized solid digestate production 
[85] 
CM and grass silage*  The archaeal community: stable throughout the operational period. Major bacterial phylum: Bacteriodetes 
 Co-substrate ratio (40%) and increase in OLR: altered bacterial community structure 
[122] 
Household waste and 
albumin* 
 Methanogenic and acetogenic community structure: strongly affected by operating temperature 
 TE addition: support the dominance of Methanoculleus bourgensis (64–96%) at 37oC and alter acetogenic community 
[76] 
FW and brown water*  Major bacterial phyla: Firmicutes (72%) and Bacteroidetes (24%) 
 Microaeration: higher diversity of the bacterial population and higher proportion of Firmicutes 
[77] 
FW and brown water*  Bacterial community: more diverse in two-phase than in single-phase reactors 
 Major bacterial phyla: Firmicutes (8-49%), Bacteroidetes (40-51%), Proteobacteria (13-50%) 







Table 12. Other methods used for investigation on the microbial community during AcoD. CM = cow manure. The “*” means other methods were also used in 
this study. 
Substrate Method Findings Ref. 
Algal biomass 
and maize silage 
Ion semiconductor 
sequencing 
 Stable community structure during the process. Major bacterial phylum: Firmicutes (27-56%) and 
Bacteroidetes (17-53%). Major orders: algal biomass digester - Bacteroidales (11.7-44.2%), other 
digesters - Clostridiales (20.9-30%) 
 Substrate composition: no effect on the archaeal community. Major order: Methanosarcinales (27-
39.7%) 
[124] 
FVW sludge and 
fresh artichoke 
waste* 
DNA microarray  Major methanogenesis pathway: acetoclastic. Major genera: Methanosaeta, Methanoculleus (1st phase), 
Methanosarcina (2nd phase). Fresh artichoke addition: changed Methanosaeta and Methanoculleus 
abundance 
[113] 
Cattle excreta and 
olive mill wastes* DNA microarray 
 Archaeal communities had high phylogenetic richness. Major archaeal genus: Methanosarcina 




waste, SS, crops, 
CM) 
SSCP  Bacterial community structures: stable during reactor performance. Major archaeal genus: acetoclastic 
methanogen Methanosarcina thermophila 
 Organic overload: gave rise to hydrogenotrophic methanogens 







Many studies have been conducted to elucidate the microbial dynamics during co-digestion 
of animal manures with different types of co-substrate such as agro-industrial waste, 
OFMSW, and GLY. Animal manures accounted for the largest fraction (43.4%) of all studies 
listed (Table 5-Table 12). The structure and diversity of the microbial community in co-
digestion using SS or biowaste (OFMSW, FW, and FVW) as the main substrate received 
much less attention with 26.4 and 24.5% of the total number of papers, respectively. Thus, 
there is a demand for more research on these communities and this research on changes of the 
microbial structure during AcoD of SS and organic waste can bridge this gap. 
A broad range of methods has been applied by researchers for microbial characterization. The 
most widely used methods include DGGE (used in 17 studies), qPCR (14 studies), cloning 
and Sanger sequencing (12 studies), pyrosequencing (11 studies), Illumina sequencing (11 
studies), and T-RFLP (8 studies). Among these methods, there are only three key primary 
methods (DGGE, pyrosequencing, Illumina sequencing) that can be used alone to assess the 
community. The remaining methods (qPCR, clone library analysis, T-RFLP, and FISH) can 
only be used in conjunction with each other or with at least one of those three key methods. 
Interestingly, several promising methods such as ion semiconductor sequencing, SOLiD 
sequencing, SSCP or DNA microarray have been rarely used. When compared between the 
three key primary methods, it is clear that pyrosequencing and Illumina sequencing can 
produce more informative and useful results than DGGE as they can provide taxonomic 
identification (down to genus and species level) and relative abundance of a larger part of the 
community. NGS methods are also less labour intensive because they do not require gel 
preparation and DNA band excision steps like DGGE does. In this research, Illumina 
sequencing is chosen as it is more cost-effective than 454 pyrosequencing ($0.05 to $0.15 
compared to $10 per 1 million bases [126]). 
There are two major findings throughout this literature survey. First, although the substrates 
and operational strategies in each study are different, the dominant members of the 
community fell into the same groups. Firmicutes and Bacteroidetes were the most dominant 
bacterial phyla in all of the studies. Other dominant phyla include 
Chloroflexi, Proteobacteria, and Actinobacteria. Dominant orders found were Bacteroidales 
and Clostridiales for the bacterial community and Methanobacteriales, Methanomicrobiales, 
and Methanosarcinales for the archaeal community, which is similar to important players 




composition, operational conditions and the microbial community structure and diversity, as 
well as the subsequent impact on co-digestion performance.  
Substrate composition or feedstock includes substrate type and co-substrate ratio. Changing 
in substrate composition can affect levels of ammonia, VFAs and LCFAs which can change 
species abundance or lead to the emergence of niche populations. The addition of co-
substrate itself also leads to significant changes in the community. When studied the co-
digestion of chicken feathers with other animal wastes, Xia et al. [75] showed that different 
types of substrates lead to different archaeal communities. In particular, the dominant genus 
in the digesters treating dairy manure was Methanosaeta, while it was Methanospirillum in 
the digester treating slaughterhouse sludge and Methanoculleus in the digester treating swine 
manure. When evaluated the co-digestion of PM with cassava dregs (CD), Ren et al. [83] 
observed that the quantity, diversity and abundance of methanogens were affected by co-
substrate ratio. The gene concentration and diversity were greatest in sludge samples with a 
PM to CD ratio of 4:6 and lowest in samples with a ratio of 10:0. Yang et al. [95] also 
reported that FOG addition and loadings in the digestion of SS affected microbial community 
diversity. Important phyla like Bacteroidetes, Chloroflexi, Proteobacteria and methanogens 
were restricted when loadings exceeded 2g.L-1.d-1, which resulted in lower methane 
accumulation. Jensen et al. [87] found that although dominant bacterial and archaeal groups 
in a digester treating SS and GLY were not affected by GLY addition or concentration, a 
phylum (namely Thermotogae) emerged as a niche population. Ziels et al [103] observed that 
LCFAs feeding pattern and loading rate strongly affected microbial community structure 
during co-digestion of CM and oleate. For instance, an increase in oleate loadings enriched 
LCFAs-degrading bacteria Syntrophomonas and methanogens (Methanosaeta, 
Methanoculleus, and Methanospirillum). Pulse-feeding resulted in higher community fraction 
of these groups. These findings of the effect of substrate composition on microbial 
communities were confirmed again by other studies [81, 84, 94, 102, 104, 106, 107, 118]. 
Operational conditions include phase separation (single/two-phase reactor), temperature, 
HRT and OLR. Lim et al. [78] observed that two-phase reactor achieved higher methane 
production (up to 23%) compared to single-phase reactor, which could be attributed to a more 
diverse bacterial community with the predominance of Firmicutes in the two-phase reactor. 
Regarding the effect of operating temperature, Westerholm et al. [76] found that increasing 




communities during co-digestion of household waste and albumin. The alteration led to 
higher level of Methanomicrobiales and Methanosarcinaceae and the dominance of a single 
genotype in the acetogenic community. In a study on co-digestion of CM and corn stover, 
Yue et al. [79] showed that changes in HRT clearly shifted the microbial community. The 
digester fed with manure and corn stover with a HRT of 40 days has higher populations of 
Clostridia and Bacteroidetes, which improved cellulose and hemicellulose reduction and 
biogas production. Fitamo et al. [99] observed that a decrease in HRT affected species 
presence and relative abundance during co-digestion of SS and organic waste. To be specific, 
the relative abundance of Synergistetes and OP9 decreased while that of Bacteroidetes and 
Thermotogae increased in line with decreasing HRTs (from 30 to 10 days). The relative 
abundance of methanogens decreased when the HRT was changed from 15 to 10 days, which 
led to a lower methane yield. Similar findings of the effect of operational parameters on 
microbial communities were presented in a number of studies [15, 82, 85, 88, 111, 119]. 
There remains some discrepancy in the literature regarding the impact of substrate 
composition and operating conditions on microbial community dynamics. Several studies 
have suggested that changes in substrate composition or operating conditions had no 
significant impact on the microbial community. Wang et al. [122] found stable archaeal 
community throughout the operational period of reactor treating grass silage and CM despite 
the change in substrate ratio. In a study on co-digestion of PM with molasses alcohol 
wastewater, Shen et al. [98] showed that the co-substrate ratio did not change major OTUs of 
the community but affect their relative abundances. De Vrieze et al. [110] discovered closely 
related bacterial communities during co-digestion of high-rate activated sludge with kitchen 
waste or molasses (two co-substrates with a huge difference in composition). Interestingly, 
Luo et al. [116] reported that the methanogenic community structure remained stable during 
co-digestion of manure and whey despite operating parameters changes. Nevertheless, H2 
addition altered species relative abundance and led to the appearance of 
Methanothermobacter thermautotrophicus. Similarly, Westerholm et al. [108] detected that 
changes in OLR, HRT, substrate composition and accumulation of VFAs during co-digestion 
of manure with whole stillage (WS) had no effect on the relative abundance of methanogens 
(Methanomicrobiales, Methanobacteriales and Methanosarcinales) and acetogens throughout 
the whole process. The decreased in process efficiency was attributed to low microbial 




further investigations on how the digester feedstock and operating parameters shape the 
microbial community structure and its influence on digester performance. 
SUMMARY 
Further investigation is necessary to understand microbial community dynamics during 
AcoD, especially with SS as the main substrate. Insights into the link between digester 
feedstock, operational conditions, microbial composition and process performance are yet to 
be discovered. Previous studies have identified some key players in the anaerobic 
microbiome: Firmicutes, Bacteroidetes, Chloroflexi, Proteobacteria, Actinobacteria (in the 
bacterial domain) and Methanobacteriales, Methanomicrobiales, Methanosarcinales (in the 
archaeal domain). Among the many techniques available for microbial community 
characterization, Illumina sequencing appears to be cost-effective and capable of providing 
informative and useful results. Thus, in this study, Illumina sequencing is selected to 





CHAPTER 3: MATERIALS AND METHODS 
3.1. Materials 
3.1.1. Main substrate and inoculum 
This thesis work included both laboratory and pilot scale experiments. Anaerobically digested 
sludge and primary sludge were obtained from Wollongong WWTP (New South Wales, 
Australia) and used as the inoculum and main substrate in the laboratory-scale experiment, 
respectively. Anaerobically digested sludge and primary sludge were obtained from 
Shellharbour WWTP (New South Wales, Australia) and used as the inoculum and main 
substrate in the pilot-scale experiment, respectively. Each pilot digester was fed with 600 L of 
inoculum over four consecutive days.   
3.1.2. Co-substrates 
Beverage waste (BW) was chosen as the co-substrate for both lab- and pilot-scale 
experiments. This is a carbon-rich waste with high biodegradable material content (mostly in 
the form of sugar) and the amount of BW produced annually is enormous [127]. The co-
substrate used in the laboratory-scale experiment was BW type 1 collected from a 
commercial waste collectors centre (New South Wales, Australia). This BW was a cocktail of 
carbonated soft drinks which did not meet the market requirements (e.g. out of date, 
contamination, damaged packaging).  
The co-substrate used in the pilot-scale experiment was BW type 2 (beer) collected from 
SUEZ Camellia Resource Recovery Centre. The co-substrate was stored in a cool room (4°C) 
for less than 1 week prior to the pilot operation. The characteristics of the inoculum and all 
substrates are listed in Table 13.  
Table 13. Characteristics of the inoculum and substrates used in the lab- and pilot-scale 








CaCO3) TOA (mg/L) pH TS (%) VS (%) 
Lab-
scale 
Inoculum 8.3 n.a. n.a. 6.6 0.85 0.56 
Primary 
sludge 
22.3 ± 1.8 n.a. n.a. 6.1 ± 0.5 1.7 ± 0.2 1.3 ± 0.1 







Inoculum 14.4 2550 168.8 6.9 1.7 1.1 
Primary 
sludge 
36.3 ± 10.4 779.2 ± 288.8 826.3 ± 316.2 4.9 ± 0.7 1.9 ± 0.8 1.6 ± 0.7 
BW type 2 150.8 ± 0.6 n.a. n.a. 3.1 ± 0.2 5.9 ± 0.6 5.3 ± 0.7 
3.2. Experimental setup and operation protocol 
3.2.1. Laboratory-scale system setup and operating conditions 
The lab-scale AcoD system was previously reported by Wickham et al [128]. It involved 
three identical anaerobic digesters designated as R1, R2 and R3 operated in parallel. Each 
digester consisted of a 28 L stainless steel conical shape reactor, a temperature control unit 
(Neslab RTE 7, Thermo Fisher Scientific, Newington, USA), a peristaltic hose pump 
(DULCO® Flex from Prominent Fluid Controls, Australia), and a biogas counter (Ritter 
Company™, MilliGascounter). Primary sludge (PS) from the Wollongong WWTP in New 
South Wales (NSW) Australia was used as the main substrate. A mixture of carbonated soft 
drinks collecting from a commercial waste collector in NSW Australia was used as the co-
substrate. These soft drinks were BW since they did not meet market requirements (e.g. out 
of date, contamination, damaged packaging). pH and COD of the PS were 6.1 ± 0.5 and 22 ± 
1.4 (g/kg wet weight, n = 7). pH and COD of the BW were 3.3 ± 0.1 and 204 ± 2.3 (g/kg wet 
weight, n = 4). Further details about these substrates are available from Wickham et al [128]. 
The three digesters were operated for over 3.5 months (108 days) with three stages during 
each stage, different OLRs were applied by alternating the mixing ratio (% v/v) of SS and 
BW. In stage 1, three digesters were operated in the same fashion with SS as the only 
substrate for 52 days. The purpose of this stage was to condition the digesters to an identical 
performance. The digester R3 “control digester” was continued to be operated as in stage 1, 
while the OLRs into digester R2 and R1 were increased to 86 and 171%, respectively in stage 
2. In stage 3, the OLR into the digester R1 was extended to 240%. This was done by 
changing the mixing ratio (% v/v) of SS and BW from 0 to 10, 20 and 30% of BW, 
respectively. Accordingly, the OLR (kg COD/m3/d) was equivalent to 1.16 (0% increase), 
2.08 (86%), 3.03 (171%) and 3.80 (240%). The duration of stage 2 and 3 was 31 and 25 days, 
respectively. All the digesters were fed every day by withdrawing 1 L of digestate and 
replacing it with 1 L of feed (either SS or a mixture of SS and BW) resulted in 20 days of 





3.2.2. Pilot-scale system setup and operating conditions 
A pilot AD plant was constructed and installed at a WWTP (Shellharbour, NSW, Australia). 
The pilot plant consisted of two parallel and identical anaerobic digester systems. Each 
system had a 1000 L conical stainless-reactor, a heating system, a feed pump, a circulation 
pump for mixing, a propeller mixer, an online biogas meter (Brooks Instrument, Hatfield, PA, 
USA), and external gas holder (Figure 11). Heating was achieved by circulating hot water 
through a water jacket at the bottom of the conical stainless-steel reactor. The reactor and all 
pipeline were insulated with polystyrene-aluminium foil to prevent heat loss. The 
recirculation pump was continuously operated at 25 L/min to provide mixing in the reactor. 
The propeller mixer was also operated for 1 min every half an hour to provide additional 
mixing. The pilot AD plant was equipped with a supervisory control and data acquisition 
(SCADA) and could be remotely operated. This system was used to investigate the mono- 
and co-digestion microbial community dynamics during operational disturbance and recovery 
process.  
 
Figure 11. Schematic diagram of the pilot-scale AD plant. There are two parallel and 




Apart from the difference in substrate feeding as specified below, both systems of the pilot 
AD plant were operated under the same conditions. They were operated at a sludge retention 
time of 20 days by maintaining an active sludge volume of 600 L and a daily feed of 30 L. 
The systems were fed automatically in four cycles per day in a similar protocol to a full-scale 
plant. Each feeding cycle was initiated by first discharging 7.5 L of digested sludge, then, 7.5 
L of feed (either PS or a combination of PS and BW) was feed into the reactor. The systems 
were operated for a total period of 148 days with different operating phases defined as 
follows: start-up (day 0 – 73), phase I - quasi-stable (day 74 – 84), phase II - operational 
disturbance (day 85 –99), phase III - inoculum addition (day 100 – 109) and phase IV - new 
quasi-stable phase (110 – 148). The feedstock composition of the digesters during different 
operating phases is described in Table 14.  
At the start of the experiment, each digester was fed with 600 L of inoculum over four 
consecutive days. In the start-up phase, the two systems were fed with PS and operated under 
the same operating conditions (Table 14). Once a similar performance has been achieved 
(after 73 days), phase I commenced. In phase I, one system was used for the mono-digestion 
experiment while the other was used for the co-digestion experiment. Only PS was fed into 
the mono-digestion system throughout the experimental period. In the co-digestion system, 
BW was added with PS at a BW:PS mixing ratio of 10:90 (%v/v).  




Mono-digestion system Co-digestion system 
Start-up 0 – 73 Primary sludge Primary sludge 
I 74 – 84 Primary sludge Primary sludge + BW type 2 
IIa 85 – 99 Primary sludge Primary sludge + BW type 2 
III 100 – 109 Inoculuma + primary sludge Inoculumb + primary sludge 
IV 110 – 148  Primary sludge Primary sludge + BW type 2c,d 
a: operational disturbance. 
b: inoculum was added at 17% reactor volume. 
c: the co-digestion system was fed with primary sludge only during 110 – 116 for pre-conditioning. 
d: the co-digestion system was inhibited after day 131 due to the addition of another co-substrate that led to the 




In phase II, circulation pumps and mixers of both systems were turned off while hot water 
circulation to the water jacket at the bottom of the reactor was operated as normal. In the 
absence of mixing, an uneven temperature distribution inside the reactor, causing disturbance 
to both systems. This disturbance resulted in a deteriorated performance of both systems as 
will be discussed below.     
In phase III, new inoculum was added to both systems to facilitate recovery. This was 
achieved by emptying 100 L of sludge from each reactor then adding the same volume of 
digestate from the full-scale plant on day 100, 102, 107 and 109.  
3.3. Analytical methods 
3.3.1. Feedstock characterization and process performance monitoring 
In the lab-scale system experiment, total solids (TS), volatile solids (VS), alkalinity, total 
chemical oxygen demand (COD) and soluble COD, pH and total organic acids (TOA) of the 
digestate were measured weekly. The PS feed and BW were also characterised on a weekly 
basis. Biogas production and composition were measured using biogas trap and portable 
GA5000 gas analyser (Geotechnical Instruments, UK). Details on measurements of these 
parameters were previously described in Wickham et al [128]. 
In the pilot-scale system, biogas production was continuously recorded via the SCADA 
system. Biogas composition was analysed using a portable GA5000 gas analyser 
(Geotechnical Instruments, UK) every second day [129]. Total COD was measured by using 
digestion vials (Hach, Australia) and Hach DR3900 spectrophotometer following the 
manufacturer’s instruction. Alkalinity and TOA were measured weekly following the 
standard method 2320 and 9010A, respectively. Digestate pH was measured every second 
day using a portable pH meter (Thermo Fisher Scientific, Australia).   
3.3.2. Microbial community analysis  
3.3.2.1. Sampling method 
For the lab-scale system, biomass samples were collected from the bottom of each digester 
weekly with three sampling events in stage 2 (day 71, 77 and 84) and two sampling events in 
stage 3 (day 91 and 98). Collectively, 13 set of samples were collected with five, three, three 




system, samples were collected from the bottom of each digester weekly. All the samples 
were fixed immediately in 95% ethanol (1:1 v/v) and stored at -20oC before DNA extraction. 
3.3.2.2. DNA extraction protocol 
Genomic DNAs were extracted from samples using FastDNA® SPIN Kit for soil (MP 
Biomedicals, Santa Ana, CA) following manufacturer’s instructions with some modifications. 
The details of extraction protocol are described below: 
1. Add the sludge sample to a Lysing Matrix E tube. The volume of sample to be added 
will depend on the concentration and properties of sludge (1.5 mL for anaerobic 
sludge).  
2. Centrifuge the tube at 14,000 x g for 3 minutes. Remove the supernatant. 
3. Add 980 μl Sodium Phosphate Buffer to the sample in Lysing Matrix E tube. 
4. Add 122 μl MT Buffer. Then add EDTA solution to a final concentration of 10 mM.  
5. Homogenize the sample using vortexing (10 minutes for aerobic sludge and 20 
minutes for anaerobic sludge). 
6. Centrifuge at 14,000 x g for 15 minutes to pellet debris.  
7. Transfer supernatant to a clean 2.0 ml microcentrifuge tube. Add 250 μl PPS (Protein 
Precipitation Solution) and mix by shaking the tube by hand 10 times. 
8. Centrifuge at 14,000 x g for 5 minutes to pellet precipitate. Transfer supernatant to a 
clean 15 ml tube.  
9. Resuspend Binding Matrix suspension and add 1.0 ml to supernatant in 15 ml tube. 
10. Invert the tube by hand for 2 minutes to allow binding of DNA. Place the tube on a 
rack for 30 minutes to allow settling of silica matrix. 
11. Remove and discard 700 μl of supernatant (being careful to avoid settled Binding 
Matrix). 
12. Resuspend Binding Matrix in the remaining amount of supernatant. Transfer 
approximately 700 μl of the mixture to a SPIN™ Filter and centrifuge at 14,000 x g 
for 3 minutes. Empty the catch tube and add the remaining mixture to the SPIN™ 
Filter and centrifuge as before. Empty the catch tube again. 
13. Add 500 μl prepared SEWS-M and gently resuspend the pellet using the force of the 
liquid from the pipet tip.  
14. Centrifuge at 14,000 x g for 3 minutes.  




16. Without any addition of liquid, centrifuge the tube at 14,000 x g for 2 minutes to 
“dry” the matrix of residual wash solution. Discard the catch tube and replace with a 
new, clean catch tube. 
17. Air dry the SPIN™ Filter for 5 minutes at room temperature. 
18. Gently resuspend Binding Matrix (above the SPIN filter) in 80 μl of DES (DNase/ 
Pyrogen-Free Water). Leave for 20 minutes. 
19. Centrifuge at 14,000 x g for 3 minutes to bring eluted DNA into the clean catch tube. 
Discard the SPIN filter. Store at -20°C. 
3.3.2.3. DNA quality monitoring 
Extraction is followed by quality check using 1% agarose gel electrophoresis. The integrity, 
purity and concentration of the extracted DNA were evaluated by electrophoresis in a 1% 
(w/v) agarose gel and the NanoDrop® ND-1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE). DNA amount in all samples was more than 10 µg (Table 1, 
Appendix A) and the concentration of all samples was normalized to 10 ng/µl using 
DNase/Pyrogen-Free Water provided in the extraction kit before sending to the sequencing 
facility. 
3.3.2.4. Amplicon sequencing  
Forward and reverse primers Pro341F (5’-CCTACGGGNBGCASCAG-3’) and Pro805R (5’-
GACTACNVGGGTATCTAATCC-3’) were used to amplify the V3 – V4 region of the 
Bacterial and Archaeal 16S rRNA genes for characterisation of the whole microbial 
community. For characterisation of the methanogenic community, the primer set mcrAF (5’-
GGTGGTGTMGGATTCACACARTAYGCWACAGC-3’) and mcrAR (5’-
TTCATTGCRTAGTTWGGRTAGTT-3’) was used to target the mcrA marker gene. Paired-end 
amplicon sequencing (2 x 300 bp) for both marker genes was carried out on the Illumina 
MiSeq platform (Australian Genome Research Facility, Queensland, Australia). 
3.3.2.5. Bioinformatics analysis 
Raw reads were imported into Quantitative Insights into Microbial Ecology (QIIME 1.9.1) 
[130] platform for computational analysis. Paired-end reads were merged using USEARCH 
(version 8.1.1861) [131] tool and primers were identified and trimmed with Seqtk tool. 




pipeline [132]. Reads were mapped back to OTUs with a minimum identity of 97% to obtain 
the number of reads in each OTU. Taxonomy assignment was performed using Greengenes 
database (version 13_8) [133, 134] for the whole microbial community (cut-off value 90% 
similarity) and mcrA taxonomic database [135] for the methanogenic community (cut-off 
value 80% similarity). The sequences were rarefied to the lowest number of sequences per 
sample for the whole microbial community and the methanogenic community (55,000 and 
30,000 sequences [lab-scale data] and 24,000 and 11,000 sequences [pilot-scale data]) to 
estimate alpha diversity indices using the QIIME package. Alpha diversity indices calculated 
include Observed species, Chao 1 value, Shannon and Simpson. Observed species (OTU at 
97% cut-off value) is the number of species observed at least once in a sample. The Chao1 
value provides an estimate of the species richness by accounting for unobserved species via a 
correction factor [136] while Shannon and Simpson indices indicate species evenness. 
Statistical analyses including principal coordinates analysis (PCoA), Canonical 
correspondence analysis (CCA), non-metric multidimensional scaling (NMDS) and Pearson’s 
correlation coefficient analysis were performed using QIIME and PAST package. Statistical 
testing for differential performance parameters and community characteristics were 





CHAPTER 4: EFFECTS OF ORGANIC LOADING RATE ON 
MICROBIAL COMMUNITY IN A LAB-SCALE SYSTEM 
4.1. Lab-scale system performance 
Anaerobic performance of these digesters has been previously reported by Wickham et al 
[128]. An identical performance of three digesters at stage 1 was achieved after monitoring 
their performance for 52 days. For example, the biogas production (L/d) and pH in the 
digester R1, R2 and R3 were: [11.8; 7.1], [11.8; 7.1], [12.1; 7.1], respectively. The specific 
methane yield of PS in Stage 1 was 300 L/kg COD added. The optimum anaerobic operation 
was observed at Stage 2, where the increase in OLR to 3.03 and 2.08 kg COD/m3/d (2.1 and 
1.8 kg VS/m3/d) due to BW co-digestion in digester R1 and R2, respectively, resulted in 191 
and 89% increase in biogas production compared to the control digester (R3). These values 
are proportional to the increase in OLR of 171 and 86% in digester R1 and R2, respectively. 
In Stage 3, biogas production and COD removal of digester R1 collapsed when the OLR was 
increased to 3.80 kg COD/m3/d (2.4 kg VS/m3/d), by BW addition to the feed. The reason for 
this failure will be discussed in the following sections by examining the microbial community 




4.2. Effects of organic loading rate on the microbial community diversity 
 
Figure 12. Alpha diversity indices of AcoD communities under different OLR increase.  
Indices included (A) Observed species, (B) Chao 1 value, (C) Shannon index, and (D) 
Simpson index. The data presents the mean and one standard deviation at 0 (five samples), 86 
(three samples), 171 (three samples) and 240% (two samples) OLR increase. All indices were 
calculated at the minimum sequencing depth of all samples (i.e., at 55,000 and 30,000 
sequences per sample for 16S rRNA and mcrA marker genes, respectively). 
The diversity index measurements based on 16S rRNA and mcrA marker genes showed a 
decrease in alpha diversity of the whole microbial community and the methanogenic 
community, respectively, in response to the increase of OLR due to BW addition (Figure 
12). The alpha diversity was assessed in terms of microbial community richness (Observed 
species and Chao1 value) and evenness (Shannon and Simpson indices). Increasing the OLR 
to 86% decreased Observed species, Chao1 value, Shannon and Simpson indices of the whole 
microbial community by 6.7, 6.6, 3.4 and 0.6%, respectively. The decrease further extended 
to 29.0, 28.8, 25.8 and 14.3% when the OLR increased further to 171%. At the highest OLR 




[Table 15]) than values from the control community, indicating the impact of OLR on the 
microbial community diversity (Figure 12). Fluctuations in microbial diversity induced by 
co-substrate addition have been reported in previous studies and could be attributed to co-
substrate characteristics [92, 99]. 
Table 15. Statistical analysis of alpha diversity indices between control community and 
community at different OLR increase. Statistically significant differences were italicised. The 
calculation was performed using Student’s t-test in Excel.  
Index 
Based on 16S rRNA gene Based on mcrA gene 
P- value 
0 vs. 86 0 vs. 171 0 vs. 240 0 vs. 86 0 vs. 171 0 vs. 240 
Observed species 0.081 0.003 0.009 0.082 0.017 0.014 
Chao 1 value 0.133 0.003 0.016 0.227 0.038 0.015 
Shannon 0.162 0.009 0.002 0.379 0.048 0.005 
Simpson  0.260 0.028 0.0004 0.083 0.066 0.001 
The methanogenic community was more susceptible to AcoD compared to the whole 
microbial community in the digester. Significant decrease in the methanogenic community 
richness (15.8 and 14.4% decrease of Observed species and Chao 1 value) and evenness 
(2.4% decrease of Shannon and Simpson indices) were observed at 86% OLR increase 
(Figure 12, Table 16). Further increasing the OLR to 240% caused uneven methanogenic 
community with 18.4 and 10% decrease in Shannon and Simpson indices, respectively 
[Table 16]. On the other hand, at 240% OLR increase, the richness and evenness of the 
whole microbial community were not statistically different compared to those at 171% OLR 
increase (P > 0.05 by Student’s t-test, 171 vs. 240% OLR [Table 15]).  
Table 16. Percentage decrease (%) in alpha diversity indices as a function of OLR increase. 
The calculation was normalized against the values from the control digester. The data were 
the mean of three, three and two datasets at OLR% increase of 86, 171 and 240%, 
respectively.  





86 171 240 86 171 240 
Observed species 6.7 29.0 25.5 15.8 24.0 36.7 
Chao 1 value 6.6 28.8 23.7 14.4 23.4 35.9 
Shannon 3.4 25.8 17.4 2.4 7.6 24.6 
Simpson  0.6 14.3 6.4 2.4 3.9 13.5 
Furthermore, the quantitative ratio between bacterial and archaeal abundance increased from 
9.0 (control) to 12.7 and 24.6 at OLR increase of 171 and 240%, respectively, indicating the 
underrepresentation of archaea as OLR increased due to AcoD. Results in Figure 12 suggest 
that increase in OLR favoured the bacterial population and perturbed the archaeal community 
at a greater extent in the anaerobic digester. The degree of perturbation caused by OLR 
increase in the microbial community and methanogenic community diversity could be an 
indicator of digester performance. The impact of increase OLR on the alpha diversity 
prompted a detailed investigation into the microbial community structure. 
4.3. Shifts in microbial community structure 
The OTU (n = 5811 for the whole microbial community and n = 762 for the methanogenic 
community) relative abundance data were used to carry out PcoA using Bray-Curtis 
dissimilarities metric. The shifts in the community structure under changing operation 
conditions (i.e. OLR increase) are summarized in Figure 13. The control (0.27 ± 0.06 by 
Bray-Curtis dissimilarities metric for the whole microbial community and 0.24 ± 0.07 for the 
methanogenic community) communities clustered closely, suggesting a stable community 
structure in the control digester during the experimental period and allowing the better 
comparison among the control and co-digestion reactors. There was an increasing and more 
profound variation in the whole microbial community as the OLR increased due to co-
digestion compared to the control digester when examining the PcoA plot and the Bray-
Curtis dissimilarities of the different communities based on the analysis of the 16S rRNA 
marker gene (Figure 13A & C). Results from Figure 13A & C suggest that excessive 
addition of carbon-rich co-substrate could destabilize the microbial community. Indeed, the 
pairwise distance between the control and AcoD increased as OLR increased (i.e. 0.45 ± 0.05 




Although the intra-community distances were lower than the inter-community distances, a 
PERMANOVA test revealed only significant difference (Bonferroni-corrected P < 0.05) in 
the community structure of the digester at 171 and 240% OLR increase. Figure 13B & D 
show the impact of AcoD on the methanogenic community. The first two principal coordinate 
axes (PC1 and PC2) explained approximately 75% of the variation in the methanogenic 
community. Increasing OLR appears to destabilize the methanogenic community structure 
with more profound variations among samples at high OLR. The distance metrics within 
communities were also lower than that of pairwise communities (Figure 13D).  
The shift in the community structure upon the addition of co-substrate has been reported in 
the literature. The degree of shifts varied by many factors such as types of co-substrates, co-
substrate ratio, and the experimental (abiotic) conditions. Yang et al. observed clear 
distinction of the microbial structure of an AcoD digester with SS and fat, oil and grease 
compared to a mono digester with only SS [137] The large degree of alteration of microbial 
structure could cause the process failure in the AcoD (e.g. at 240% OLR increase). Overall, 
results from 16S rRNA and mcrA gene-based community analysis suggest that increase OLR 
(86 – 240%) by addition of BW in AcoD altered the microbial community richness, evenness 
and structure. Thus, community dynamics were evaluated further by examining different 





Figure 13. Shifts in the community structure based on (A) 16S rRNA and (B) mcrA marker 
genes PcoA using the Bray-Curtis dissimilarities metric as well as the corresponding Bray-
Curtis dissimilarities within and between communities from (C) 16S rRNA and (D) mcrA 
marker genes. The whiskers of the box represent the minimum and maximum values. The 
bottom and top of the box are the first and third quartiles, respectively, and the line inside the 
box denotes the median. 
4.4. Dissecting the microbial community taxonomical composition 
16S rRNA gene sequence analysis showed the predominance of Firmicutes (20.2 ± 2.0%), 
followed by Bacteroidetes (13.5 ± 2.2%), Proteobacteria (7.2 ± 1.5%) in the control digester. 
In total, 16S rRNA gene sequence analysis reveals 19 major phyla (>1% of the total) (Figure 
14). Consistent with the results in Figure 13, OLR increase caused a notable shift in 
microbial community composition at the phylum level. For example, phyla Firmicutes were 




of 23.1 ± 3.0 and 53.3 ± 19.4% as the OLR increased to 86 and 171%, respectively (Figure 
14). 
 
Figure 14. Relative abundance of major phyla in the microbial community at different OLR 
increase. The data was retrieved from the analysis of 16S rRNA marker gene. The x-axis 
label shows ‘Digester’ and ‘Sampling date’. For example, “R3D71” refers to Digester R3 and 
sampling date of day 71.  
Changes in the relative abundances of major orders as a function of OLR increase due to 
AcoD are shown in Figure 15. The orders belong to different microbial groups in the digester 
community and the extent of these changes varies from group to group. The Clostridiales, 
Bacteroidales, and Anaerolineales orders were the most predominant hydrolytic and 
fermentative bacteria in the three digesters. The sum relative abundance was 41.3% in the 
control digester. These orders continued maintaining their population under OLR increase 
with the sum relative abundance of 39.1, 63.1 and 52.2% in communities at OLR increase of 
86, 171 and 240%, respectively. Of interest was the significant enrichment of Clostridiales in 
the co-digestion reactors at 86 and 171% OLR (21.1 ± 2.5%) and (52.2 ± 24.8%), 




Clostridiales at 171% OLR increase correlated with the optimal digester performance (i.e. 
biogas production increased by 191% and COD removal increased from 75.3 (control) to 
86.2% [at 171% OLR increase]). Members of the order Clostridiales are known to be 
associated with diverse hydrolysis and fermentation pathways [138, 139] and they benefit 
from the syntrophic relationship with hydrogenotrophic methanogens [140]. It is noted that at 
240% OLR increase, the sum of relative abundances of six hydrolytic and fermentative 
bacterial orders was above 74.8% (vs. 48.0% in control digester), indicating the significant 
enrichment of these bacterial groups. This observation is consistent with the significant 
decrease in the community diversity and shifts in community structure discussed previously.  
The acetogenic bacteria order of Synergistales [138, 141] was prevalent in the control 
digester (9.5 ± 2.0%). The abundance of Synergistales slightly increased in the OLR 86% 
community (9.7 ± 1.5%) although the change was not statistically significant. At 240% OLR 
increase, the Synergistales decreased significantly to 1.6 ± 0.2%.  Spirochaetales and 
Syntrophobacterales relative abundances exhibited some degree of variations among 
communities; however, the changes were not statistically significant (Figure 15). Therefore, 
members of the order Synergistales could be more susceptible to OLR increase and their 
presence appears to play an important role in the digester performance. The 
underrepresentation of Synergistales was in good agreement with the accumulation of TOA 





Figure 15. Relative abundances of the major microbial orders revealed by 16S rRNA marker 
gene at 0 (five samples), 86 (three samples), 171 (three samples) and 240% (two samples) 
OLR increase. The error bars represent the mean and one standard deviation from the mean. 
The three main orders of the methanogenic community were Methanosarcinales, 
Methanomicrobiales and Methanobacteriales. Methanosarcinales members are capable of 
using various substrates to generate methane [142] while Methanomicrobiales and 
Methanobacteriales members are hydrogenotrophic methanogens [143, 144]. The relative 
abundance of Methanosarcinales and Methanomicrobiales increased significantly as OLR 
increased to 86%. Their populations were maintained at a similar level to the control digester 
as the OLR increased to 171% and decreased further when the OLR increased to 240% (P < 
0.05, by Student’s t-test). The inhibition of the growth of Methanosarcinales and 
Methanomicrobiales could be directly attributed to the significant reduction of biogas 
production when OLR increased to 240%. Likewise, the optimum biogas and COD removal 
also coincided with their most abundance at 86% OLR increase. On the other hand, the order 




4.5. Comparison between 16S and mcrA gene for characterization of the 
methanogenic community in the lab-scale system 
The relative abundance of the methanogens from 16S rRNA analysis was normalized against 
the total abundance of methanogens for comparison. Figure 16 presents the profile of 
methanogenic community in digesters at different OLR increase (0, 86, 171 and 240%). At 
the class level, two major classes Methanomicrobia and Methanobacteria were both detected 
by 16S rRNA (> 95% of the total) and mcrA (> 83% of the total) marker genes. However, the 
relative abundance of each class was significantly different in pairwise comparisons. For 
example, the relative abundance of the two classes Methanomicrobia and Methanobacteria 
revealed by 16S rRNA and mcrA marker genes were (87.1 vs. 52.5% and 11.6 vs. 36.8%), 
respectively in the control digester. The distribution of two classes was more even based on 
the mcrA marker gene under all tested conditions (Figure 16), suggesting the complementary 
between the two methods. Both results indicated the presence of non-methanogenic 
Euryarchaeota (class Thermoplasma) at a very low abundance (< 0.05% of the total), while 
Miscellaneous Crenarchaeotal Group (MCG) was detected based on 16S rRNA gene. 
Recently, the presence of these groups has been reported in the AD process, but their roles 
are still unknown. Further analysis of methanogenic community at a more refined level 
revealed the predominance of three orders Methanobacteriales, Methanosarcinales and 
Methanomicrobiales, suggesting the occurrence of both the hydrogenotrophic and 
acetoclastic methanogenesis in digesters. Another notable observation was the higher 
abundance of Methanomicrobiales at 0, 86 and 171% OLR increase detected by the mcrA 
marker gene. At the highest OLR increase, a new Methanomicrobia order namely YC-E6 was 
detected at 19.1% by the 16S rRNA marker gene. A high number of unassigned 
microorganisms was observed in taxonomical identification with the mcrA gene, suggesting 





Figure 16. Relative abundances within the methanogenic community at (A) class and (B) 
order level revealed by 16S rRNA and mcrA marker genes. The bar presents the mean value 
at of 0, 86, 171 and 240% OLR increase.   
4.6. Community Correlations and Indications of Digester Stability 
The relative abundances of seven major orders representing the hydrolytic, fermentative, 
acetogenic and methanogenic microbial groups in all digester communities were selected for 
community correlation analysis. Negative correlations (Pearson’s correlation coefficient < 0) 
were observed between hydrolytic/fermentative group (i.e., Clostridiales) and the orders of 
other groups (acetogenic and methanogenic) (Figure 17A). These results indicate that the 
increase of Clostridiales could cause the decrease in abundance of others, particularly those 
in the methanogenic group. This observation is consistent with the data in Figure 15. On the 
other hand, acetogenic and methanogenic groups exhibited positive correlation within each 





Figure 17. Relationships between environmental variables and performance variables and the 
microbial community. (A) Heat map for the frequency correlation between selected orders of 
different microbial groups (i.e. hydrolytic, fermentative, acetogenic and methanogenic). The 
colour scale indicates the Pearson's correlation coefficient (between -1 and 1) with red colour 




orders of different microbial groups and environmental variables (i.e. TOA, pH, alkalinity, 
OLR) and performance variables (i.e. VS removal, COD removal and biogas production). 
The symbols: blue diamond, red circle, black triangle and green star denotes the communities 
at 0, 86, 171 and 240% OLR increase. Solid blue circle denotes seven orders with their names 
placed beside. 
The relationship between environmental variables (i.e. TOA, pH, alkalinity, OLR), 
performance variables (i.e. VS removal, COD removal and biogas production), and the 
microbial community was examined by CCA. In this study, seven dominant microbial groups 
and four environmental variables and three performance variables were screened for CCA 
plots calculation (Figure 17B). The CCA1 and CCA2 explained 97.5% of the total variation. 
The seven variables were divided into four quadrants. OLR%, biogas production, TOA and 
COD removal were distributed in the same quadrant, while pH and alkalinity were plotted 
into two quadrants. BW addition (i.e. OLR increase) favoured the growth of hydrolytic and 
fermentative bacteria (e.g., Clostridiales). Clostridiales showed positive correlations with 
biogas production, COD removal, and VS removal, indicating the important role of the order 
in digesters. Meanwhile, acetogens showed negative correlations and methanogens show no 
significant correlations with these parameters (Table 17). These results confirmed that 
Clostridiales was the main driver of the system performance. However, high abundance of 
Clostridiales increased the amount of TOA accumulated in the system which led to a 
decrease in alkalinity and pH and these conditions did not favor the growth of acetogens and 
methanogens (Figure 17B). 
Table 17. Pearson’s correlation of different microbial groups (order level) (i.e. hydrolytic, 
fermentative, acetogenic and methanogenic) and environmental variables (i.e. TOA, pH, 
alkalinity, OLR) and performance variables (i.e. VS removal, COD removal and biogas 
production) with statistically significant correlations italicised.  
Selected orders  OLR 
% 








0.598 -0.751 -0.258 0.08 0.697 0.687 0.742 
p-value 0.03 0.003 0.391 0.79 0.008 0.009 0.004 
Synergistales Pearson’s 
correlation 
-0.831 0.795 0.705 -0.283 -0.628 -0.266 -0.602 
p-value 0.001 0.001 0.007 0.348 0.02 0.379 0.001 





p-value 0.02 0.01 0.611 0.557 0.374 0.06 0.001 
Syntrophobacterales Pearson’s 
correlation 
-0.32 0.444 0.394 -0.07 -0.494 -0.03 -0.204 
p-value 0.280 0.127 0.182 0.802  0.08 0.906 0.503 
Methanomicrobiales Pearson’s 
correlation 
-0.32 0.444 0.394 -0.07 -0.494 -0.03 -0.204 
p-value 0.280 0.127 0.182 0.802 0.08 0.906 0.503 
Methanosarcinale Pearson’s 
correlation 
-0.253 0.187 0.440 0.026 -0.407 0.122 -0.03 
p-value 0.403 0.540 0.131 0.930 0.167 0.69 0.900 
Methanobacteriales Pearson’s 
correlation 
0.028 -0.111 -0.420 0.449 -0.529 -0.392 -0.226 






CHAPTER 5: IMPACT OF OPERATIONAL DISTURBANCE AND 
RECOVERY ON MICROBIAL COMMUNITY IN A PILOT-SCALE 
SYSTEM  
5.1. Pilot-scale system performance 
As expected, during the start-up phase (prior to co-digestion), both systems showed similar 
performance. The biogas and methane content in both systems were 276 ± 82 L/d 
(corresponding to 4842.1 L/kg COD added) and 63.6 ± 1.1%, respectively. The pH, TOA and 
alkalinity of two systems were 7.1 ± 0.0, 150 ± 13 mg/L and 2086 ± 63 mg/L CaCO3, 
respectively. These pilot performance data during the start-up phase are comparable to our 
previous lab-scale study at similar operating conditions [128]. 
In phase I, one system was used to co-digest PS and BW (at mixing ratio of 90:10 % v/v) 
while the other was used as the control (i.e. operated with only PS). Co-digestion system 
resulted in 62% increase in biogas production (Table 18) in comparison to the control system 
(mono-digestion). In phase I, COD loadings of the co-digestion and mono-digestion system 
were 2.4 and 1.9 kg COD/m3/d, respectively. The observed increase in biogas production is 
attributed to the additional COD loading.  
Table 18. Performance data of the two systems during the experimental period (mean ± 
standard deviation of at least 10 measurements, n.a. = data not available). 










I 210 ± 52 63.0 ± 0.4 7.0 ± 0.1 197 ± 28 2281 ± 94 
II 115 ± 42 49.0 ± 4.6 6.4 ± 0.4 1097 ± 422 2106 ± 69 
III 203 ± 54 43.0 ± 4.9 6.5 ± 0.4 n.a. n.a. 
IV 295 ± 117 62.3 ± 5.1 7.0 ± 0.2 688 ± 207 2294 ± 168 
Co-
digestion 
I 340 ± 66 63.3 ± 0.4 7.0 ± 0.1 413 ± 0 2250 ± 0 
II 129 ± 61 46.6 ± 2.8 5.7 ± 0.7 1922 ± 628 1744 ± 6 
III 144 ± 56 32.5 ± 1.1 5.5 ± 0.4 1331 ± 0 1925 ± 0 




In phase II, operational disturbance induced significant impacts on the performances and 
conditions in both mono- and co-digestion system. Biogas production and methane content 
decreased significantly to 115 ± 42 L/d (corresponding to 2017.5 L/kg COD added) and 49.0 
± 4.6% in the mono-digestion system and to 129 ± 61 L/d (corresponding to 1791.7 L/kg 
COD added) and 46.6 ± 2.8% in the co-digestion system. Specifically, the decrease in biogas 
production were 45% and 62% in mono- and co-digestion system, respectively. TOA levels 
increased by 5.6 and 4.7 times in mono- and co-digestion systems, respectively. 
Consequently, digestate pH dropped to 6.4 ± 0.4 and 5.7 ± 0.7 in mono- and co-digestion 
systems, respectively. These results indicate that different microbial groups in anaerobic 
digesters might be influenced differently by operational disturbance. Under identical 
operation, our results also showed that operational disturbance influenced co-digestion 
system to a greater extent. Operational disturbance has been identified as a deterministic 
factor influencing the system performance by altering the complex microbial community in 
anaerobic digesters and thus could lead to process failure [15, 146].    
The recovery process was initiated in Phase III when inoculum was added to the systems in a 
step-wise manner over 10 days (100 – 109). In details, a 100 L of digested sludge was 
replaced with 100 L of inoculum on day 100 that equivalent to 17% of digester volume. A 
slight increase in biogas production was observed in both systems. However, methane content 
and pH continuously dropped to 38% and 5.7 and 32% and 5.4 in mono- and co-digestion 
system, respectively. Another inoculum addition event was carried out on day 102. After this 
second addition, the systems showed a gradual increase in pH and methane content. 
Specifically, pH returned to 6.7 and 5.9 in the mono- and co-digestion system, respectively, 
and an increase in methane content of the mono-digestion system from 38 to 41% was 
observed. Nevertheless, the systems have not reached the same performance levels as prior to 
the disturbance (phase I). The third inoculum addition was implemented on day 107 resulted 
in notable improvements. Methane content in the mono- and co-digestion system increased to 
50 and 34%, respectively. Digestate pH in the mono-digestion system also increased to 6.9, 
however, digestate pH in the co-digestion system was below 6.0. Thus, another inoculum 
event was carried out on day 109. Notably, systems performances were successfully boosted 
with biogas production increased from 272 and 148 L/d (4771.9 and 2596.5 L/kg COD 
added) to 373 and 281 L/d (6543.9 and 4929.8 L/kg COD added) (day 108 to 111) for the 




were fed with PS only. Our results suggest that addition of inoculum could retrieve a failed 
digester in short period (i.e. 10 days). 
In phase IV, both systems showed comparable performances to the phase prior to 
disturbance. No significant difference between two systems (i.e. biogas production, methane 
content, and pH) was observed (Table 18).  
5.2. Microbial community during stable operation 
The microbial community in both systems during stable operation consisted of core microbial 
groups: hydrolytic and fermentative bacteria, acetogenic bacteria and methanogenic archaea. 
Each group is responsible for one of the four consecutive steps of AD process including 
hydrolysis, acidogenesis (fermentation), acetogenesis and methanogenesis. A balance 
between these core microbial groups is a prerequisite for stable performance. Dominant 
hydrolytic and fermentative bacteria in the two systems included Anaerolineales, 
Thermotogales, Bacteroidales, and Clostridiales. Their relative abundances were 20.1 ± 0.0, 
9.8 ± 0.0, 9.3 ± 0.0 and 2.4 ± 0.0% in the mono-digestion system and 32.4 ± 0.0, 9.0 ± 0.0, 
6.5 ± 0.0 and 2.8 ± 0.0% in the co-digestion system, respectively. Their presence in anaerobic 
digesters at high abundances have been reported in a number of previous studies [147-149]. 
For example, the order Bacteroidales was dominant in a digester treating PS with population 
up to 45.6% [147]. Bacteria in the order of Clostridiales has been found to take part in 
thermophilic AD of WAS and presented at 20 - 30% of the total abundance.  
Representatives of acetogens included phylum Synergistetes and Spirochaetes, order 
Syntrophobacterales and genus Syntrophomonas. Their relative abundances were 5.9 ± 0.0, 
3.4 ± 0.0, 5.4 ± 0.0 and 0.5 ± 0.0 in the mono-digestion system, and 9.5 ± 0.0, 2.4 ± 0.0, 2.8 ± 
0.0 and 0.4 ± 0.0% in the co-digestion system, respectively. Synergistetes and Spirochaetes 
are able to convert lactate to substrates for methanogens [150]. The order Spirochaetales 
(phylum Spirochaetes) has also been suggested to be involved in SAO as acetate-degrader 
coupled with hydrogenotrophic methanogens [151]. While Syntrophobacterales members are 
responsible for propionate degradation, Syntrophomonas takes part in butyrate and other 
organic acids oxidation [12]. Syntrophomonas has been detected at high abundance in good 
performing full-scale anaerobic digesters and also correlated to methane production in 




The major methanogens included Methanomicrobiales, Methanosarcinales and 
Methanobacteriales. Their relative abundances were 2.5 ± 0.0, 1.2 ± 0.0 and 0.1 ± 0.0% in 
the mono-digestion system, and 2.1 ± 0.0, 4.9 ± 0.0 and 0.2 ± 0.0% in the co-digestion 
system, respectively. The methanogenic community was also targeted using mcrA marker 
gene and the results from both marker genes were congruent with each other in terms of 
presented methanogens and their populations. Methanosarcinales are strict acetoclastic 
methanogens that produce methane directly from acetate, while members of 
Methanomicrobiales and Methanobacteriales use H2 from acetogens and SAOB to produce 
methane (hydrogenotrophic methanogens). High temperature is not ideal for acetoclastic 
methanogens, thus it is likely that operational disturbance would result in the dominance of 
SAO pathway. 
Alpha diversity analysis based on 16S rRNA and mcrA marker genes showed that microbial 
communities in the two systems had the same level of richness (Observed species) but 
different levels of evenness (Shannon index) during the initial stable phase (Figure 18). 
AcoD of PS and BW showed a slight decrease in microbial community diversity. Lower 
alpha diversity observed after the introduction of co-substrate has been observed in the lab-
scale experiment and in other previous studies on AcoD of SS and organic waste [92, 99].  
 
Figure 18. Changes in alpha diversity indices (Observed species and Shannon index) of the 




during the experimental period based on 16S rRNA and mcrA marker genes. The data 
presents the mean and one standard deviation during phase II (three samples), III (three 
samples), IV (four samples – for mono-digestion system only). Indices were calculated at the 
minimum sequencing depth of all samples (i.e., at 24,000 and 11,000 sequences per sample 
for 16S rRNA and mcrA marker genes, respectively. 
5.3. Transition of microbial community induced by operational disturbance 
Significant changes in the abundances of core microbial groups were observed under 
operational disturbance (Figure 19). The results suggested an imbalance distribution between 
microbial groups and the degree of alternations were different in each group. During 
operational disturbance, the total abundance of hydrolytic and fermentative bacteria increased 
from 41.6 and 50.6% to 57.2 and 66.6% in mono- and co-digestion system, respectively. 
Indeed, the relative abundance of Thermotogales, Bacteroidales and Clostridiales increased 
to 12.1 ± 1.5, 12.7 ± 1.6 and 10.9 ± 5.0% in the mono-digestion system, and to 14.1 ± 7.2, 
10.3 ± 1.1 and 25.4 ± 16% in the co-digestion system, respectively (Figure 19). The increase 
in abundance of Thermotogales during operational disturbance could be attributed to the fact 
that it is a thermophilic bacteria order. The order Anaerolineales was still dominant in the 
systems in phase II (21.5 ± 6.8% in the mono-digestion system), however, its abundance 
decreased from 32.3 ± 0.0 to 16.8 ± 8.3% in the co-digestion system. The results suggested 
that hydrolysis and fermentative bacteria are resilient to disturbance. Hydrolytic and 
fermentative bacteria are phylogenetically diverse and was reported to be able to withstand a 
larger degree of perturbations than methanogens [12].  
A decline was observed in the abundance of syntrophic acetogens in the two systems 
communities during operational disturbance (Figure 19). Synergistetes, Syntrophobacterales 
and Syntrophomonas abundance decreased by 2.0, 4.3 and 0.3% in the mono-digestion 
system, and by 6.8, 2.4 and 0.3% in the co-digestion system, respectively. The lack of 
acetogenic bacteria was in agreement with TOA accumulation and pH decline during phase 
II. Likewise, methanogens growth was also inhibited during the disturbance. The orders of 
Methanomicrobiales and Methanosarcinales abundances decreased by 0.7 and 1.1% in the 
mono-digestion system while their abundances dropped by 0.9 and 4.8% in the co-digestion 
system. Our results suggested that acetogens and methanogens were susceptible to 
operational disturbance. The inhibition of methanogens growth could explain for the 
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Figure 19. Changes in relative abundances of core microbial groups in (A mono- and (B) co-
digestion system community during operational disturbance (phase II) revealed by 16S rRNA 
marker gene analysis. The error bars represent one standard deviation of three measurements.  
Operational disturbance also provoked the emergence of another thermophilic bacteria order 
namely Thermoanaerobacterales. Members of Thermoanaerobacterales can thrive under 
elevated temperature (50 – 70oC). Genus Coprothermobacter was the most dominant genus 
of Thermoanaerobacterales with its relative abundance rose from 0.5 ± 0.0 (phase I) to 3.4 ± 
1.7% (phase II) in mono-digestion system and from 0.8 ± 0.0 (phase I) to 1.4 ± 0.7% (phase 
II) in co-digestion system (Figure 19). Several studies have reported the dominant of 
Coprothermobacter in thermophilic and hyperthermophilic digesters [74, 154, 155]. 
Coprothermobacter spp. are SAOB that act as acetate-degrader in syntrophic association with 
hydrogenotrophic methanogens including the order of Methanobacterales [156].  Phylum 




[151] and its abundance increased to 3.7 ± 0.3% in mono- and maintained at 2.0% in the co-
digestion system. In line with the emergence of SAOB, the relative abundance of 
Methanobacterales increased to 0.2 ± 0.1 and 0.5 ± 0.2% in the mono- and co-digestion 
system, respectively. These observations coupled with the absence of acetoclastic 
methanogens (Methanosarcinales) may indicate the shift from co-occurrence of both 
methanogenesis pathways to the exclusive occurrence of SAO pathway during disturbance. 
For both systems, the alpha diversity indices measurement showed a slightly higher species 
richness in the whole microbial community and a decrease in diversity of the methanogenic 
community during operational disturbance (Figure 18). This observation confirmed again 
that methanogenic archaea are more sensitive to disturbances than bacteria. The higher 
richness of the whole microbial community could be attributed to the emergence of genus 
Coprothermobacter. The disturbance appeared to affect the methanogenic community in the 
co-digestion system more severely than the one in the mono-digestion system as a more 
drastic decrease in species evenness was observed in the co-digestion system.  
5.4. Shifts in the microbial community during process recovery 
Core microbial groups detected in the inoculum were similar to those in the pilot systems 
since the same substrate (i.e. PS) was used by the pilot- and full-scale AD plant. Dominant 
hydrolytic and fermentative bacteria included Anaerolineales (10.9 ± 1.7%) and 
Bacteroidales (8.8 ± 1.8%) while acetogens representatives were Synergistetes (7.2 ± 0.9%), 
Spirochaetes (13.4 ± 3.9%) and Syntrophobacterales (4.6 ± 0.4%). Methanogenic archaea 
order Methanosarcinales and Methanomicrobiales were also presented in the inoculum at 1.1 
± 0.3 and 1.1 ± 0.4% (Table 19). Adding inoculum is believed to supply active microbial 
groups to the systems and also help reduce the concentration of growth inhibitors (e.g. VFAs) 
in the digester due to dilution factor, thus accelerate the recovery process [157]. In a study on 
failed AD of grease trap waste, inoculum addition (mixing ratio 80%) was shown to be an 
effective method with relatively short recovery time (20 days) compared to other methods 
such as bentonite addition (73 days) or water dilution (64 days) [158]. Aboudi et al. 
demonstrated successful recovery of a failed digester (due to overloading) co-digesting sugar 
beet by-product and CM in 40 days by feeding cessation and adding well-adapted inoculum 
(taken from a stable digester treating similar substrates) [157]. Zhang et al. reported that a 
digester failed from VFAs accumulation during FW treatment could be recovered to stable 




cause of disturbance, the potential of inoculum addition to facilitate digester recovery in a 
short time period was demonstrated. The source and quality of the inoculum used in 
anaerobic digesters are also of major importance [160]. 
Table 19. Supplement of different microbial taxa from the inoculum into pilot AD systems. 
Relative abundances were compared between phase II (operational disturbance) and phase III 
(inoculum addition). Taxon that shows relative abundance increase in only one system were 
underlined (mean ± standard deviation of three measurements). 
Taxa Relative abundance (%) 
Mono-digestion 
system 
Co-digestion system Inoculum 
Phase II Phase III Phase II Phase III 
Spirochaetes 3.7 ± 0.3 9.2 ± 2.4 2.0 ± 1.0 5.4 ± 0.0 13.4 ± 3.9 
Bacteroidales 12.1 ± 1.5 16.7 ± 3.5 10.3 ± 1.1 20.6 ± 5.8 8.8 ± 1.8 
OPB95 3.4 ± 0.7 2.9 ± 0.5 1.2 ± 0.9 2.4 ± 0.1 7.2 ± 1.2 
Synergistetes 3.9 ± 1.8 4.5 ± 1.3 2.7 ± 2.3 2.6 ± 0.7 7.2 ± 0.9 
Pedosphaerales 0.4 ± 0.1 1.6 ± 0.2 0.2 ± 0.1 0.4 ± 0.1 6.1 ± 1.3 
Burkholderiales 3.4 ± 1.4 3.0 ± 0.8 4.3 ± 2.2 6.4 ± 1.3 4.8 ± 1.4 
Syntrophobacterales 0.7 ± 0.6 0.5 ± 0.1 0.4 ± 0.3 0.5 ± 0.1 4.6 ± 0.4 
Brachyspirales 0.6 ± 0.3 1.4 ± 0.2 0.4 ± 0.2 1.3 ± 0.0 4.0±0.7 
Rhodocyclales 3.3 ± 1.4 2.5 ± 0.6 2.2 ± 1.1 3.1 ± 0.5 2.7 ± 0.8 
Opitutales 0.0 ± 0.0 2.0 ± 1.4 0.1 ± 0.0 0.4 ± 0.1 1.3 ± 0.1 
Methanosarcinales 0.1 ± 0.1 0.6 ± 0.4 0.1 ± 0.1 0.2 ± 0.1 1.1 ± 0.4 
Addition of inoculum during phase III when two AD systems have returned to normal 
operation resulted in notable changes in the microbial community. Higher species richness 
was observed in both systems, indicating the supplement of more species from the inoculum 
to the digester (Figure 18). The observed higher species evenness suggests that inoculum 
addition has re-established the balance distribution between core microbial groups. This 




In particular, the total abundance of hydrolytic and fermentative bacteria decreased from 57.2 
to 50.2% and from 66.6 to 54.4% in mono- and co-digestion system, respectively. During 
inoculum addition, only Bacteroidales abundance increased from 12.7 ± 1.5 to 16.7 ± 3.5% 
and from 10.3 ± 1.1 to 20.6 ± 5.8% in mono- and co-digestion system, respectively (Table 
19). In contrast, other hydrolytic and fermentative orders showed a decrease in their 
abundances. This is probably due to the high abundance of Bacteroidales in the inoculum and 
the potential of this order to be a stronger competitor for substrate than other bacteria [147]. 
Meanwhile, acetogens population was restored during inoculum addition, with Synergistetes 
abundance increased to 4.5 ± 1.2% in the mono-digestion system, Syntrophobacterales 
abundance increased to 0.5 ± 0.1% in the co-digestion system. Acetogenic bacteria and 
potential SAOB phylum Spirochaetes abundance increased to 9.2 ± 2.4 and 5.4 ± 0.0% in the 
mono- and co-digestion system, respectively. The increase in acetogens and SAOB 
abundance promote VFAs degradation and explained for the gradual return of pH to normal 
range.  
A slight increase in the abundance of methanogens abundance was observed during inoculum 
addition, probably because the accumulation of VFAs was not completely eliminated. 
Methanosarcinales abundance in the mono- and co-digestion system increased from 0.1 ± 0.1 
to 0.6 ± 0.4% and 0.1 ± 0.1 to 0.2 ± 0.1%, respectively (this order presented in the inoculum 
at 1.1 ± 0.4% of the total abundance). Methanomicrobiales also restored its population but at 
a slower pace, its abundance in the mono- and co-digestion system only increased in phase IV 
from 1.0 ± 0.1 to 4.2 ± 0.4% and 0.5 ± 0.0 to 2.5 ± 0.0% (this order presented in the inoculum 
at 1.1 ± 0.4% of total abundance).  
Overall, inoculum addition led to the re-establishment of a balance between core microbial 
groups and promoted recovery process by supplying VFAs-degrading bacteria to reduce the 
accumulated VFAs concentration. In this study, the inoculum used for recovery was taken 
from a full-scale anaerobic digester treating the same main substrate with the pilot-scale 
digesters. The fact that the inoculum contained a well-adapted biomass to the substrate and 





5.5. Microbial community pre-operational disturbance and post-inoculum 
addition 
At the end of the experiment (phase IV), the microbial communities in both systems were 
very different from the initial stable phase (phase I) despite the retrieval of similar operating 
conditions and performances. Taxonomical profiling confirmed the distinguished microbial 
community composition from the initial state. Compared to phase I, hydrolytic and 
fermentative bacteria in both systems were enriched to 55.2 and 68.0% of the total 
abundance. Nevertheless, each hydrolytic and fermentative bacteria order abundance changed 
differently. Bacteroidales and Clostridiales abundances increased by 9.6 and 9.1% in the 
mono-digestion system and 6.7 and 1.0% in the co-digestion system. The order 
Anaerolineales abundance decreased by 5.7 and 3.8% in the mono- and co-digestion system, 
respectively. Meanwhile, the order Thermotogales slightly decreased by 1.6% in the mono-
digestion system but increased significantly by 13.6% in the co-digestion system. In the 
mono-digestion system, acetogens abundance remained unchanged (13.7% in phase I vs. 
13.2% in phase IV) while methanogens abundance was almost doubled (3.8% in phase I vs. 
6.1% in phase IV). The increase in methanogens abundance was due to the emergence of a 
new methanogenic order namely YC-E6 (from 0.0 ± 0.0 to 1.6 ± 1.1) for an unknown reason 
as this order was not detected in the inoculum. This order belongs to the class 
Methanomicrobia and has been detected during mesophilic AD of pig waste [161] and 
thermophilic AD of lignocellulosic biomass [162], however, at a very low abundance. On the 
other hand, acetogens and methanogens populations in the co-digestion system decreased 
from 13.8 and 7.2% (phase I) to 8.0 and 2.6% (phase IV).  
The thermophilic proteolytic bacteria genus Coprothermobacter (order 
Thermoanaerobacterales) was still presented in both digesters at 4.3 ± 1.3 and 7.5 ± 0.0% in 
the mono- and co-digestion system, respectively in phase IV. The increase in 
Coprothermobacter abundance is unlikely resulted from migration from the inoculum as its 
abundance in the inoculum is only 0.2 ± 0.1% (data not shown). This could be due to the fact 
that Coprothermobacter growth is related to proteinaceous substrate availability (PS was the 
main substrate). In a previous study, this genus dominance was correlated with a high protein 
content of the feed [154]. Increase abundance of Coprothermobacter was also observed when 
soluble COD in the feed increased [163], explaining the higher abundance of this genus in the 





Figure 20. Progression of the whole microbial community structure and methanogenic 
community structure during different phases of the experiment in (A & B) mono- and (C & 
D) co-digestion system based on NMDS analysis using genus abundance. The symbols: open 
blue square, solid green square, open blue circle, open red triangle and solid black circle 
denotes the communities in the start-up phase, quasi-stable (phase I), operational disturbance 
(phase II), inoculum addition (phase III) and new quasi-stable phase (phase IV). The green 
star denotes the inoculum community. Samples collected during the same phase are grouped 
together by convex hulls. The arrows show the progression of the microbial community 
structure during the experiment period. Sample labels show ‘System’ and “Sampling date’. 
“I” stands for inoculum samples while “M” and “C” represent samples from mono- and co-
digestion system, respectively. For example, “M73” refers to the mono-digestion system and 
sampling date of day 73. 
The shift in the microbial community structure during the operational period was further 
examined through NMDS with the distance between samples indicates how similar their 
communities are to each other (Figure 20). The whole microbial community and 




phases of operation. During phase I (day 80), the community structure remained similar to the 
start-up phase (Figure 20) with the methanogenic community structure in the co-digestion 
system unchanged. Methanogens have been claimed to be less affected by co-substrate 
addition than by VFAs and ammonia concentration [75]. Operational disturbance (phase II) 
induced profound changes in microbial communities shown by their notable progression to 
specific directions. While the systems constantly receiving the inoculum in phase III (day 
103, 106, 108), the microbial structure remained stable and appeared to have higher similarity 
to the inoculum community. Once the inoculum addition ceased (after day 108), both systems 
communities diverged from the inoculum microbiome and neither of them returned to the 
original structure (Figure 20). Both microbial structure and composition analyses suggest 
that the whole microbial community and methanogenic community in both systems did not 
return to their original states after operational disturbance and recovery. The fact that the two 
systems achieved a new stable phase with comparable performance to the initial stable phase 
(prior to disturbance) indicates that there is functional redundancy within the microbial 
community and similar level of performance can be achieved by different microbial 




CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 
6.1. Conclusion 
Understanding the microbial community during AcoD is necessary for the improvement of 
process stability and efficiency. This study investigates microbial community dynamics in 
AcoD of SS and a carbon-rich co-substrate (beverage waste - BW) during stable and unstable 
operation periods. 
First, laboratory-scale experiments were conducted to investigate the effects of OLR on 
microbial community. The addition of BW to SS at 10% v/v (corresponding to 86% OLR 
increase) led to a reduction in microbial community diversity. Further increase of OLR 
resulted in 29% decrease in richness indices and > 14% decrease in evenness indices. The 
decreased diversity may affect the resilience of AD to sudden changes in operating 
conditions. In comparison to the bacterial community, the methanogenic community was 
more susceptible to OLR increase. Further analyses revealed a shift in the community 
structure, which was most profound at high OLR of 3.03 kg COD/m3/d (240% increase), 
suggesting that there exists an OLR threshold at which the function and resilience of the 
anaerobic ecosystem could be maintained. The 16S rRNA gene-based community profiling 
revealed significant enrichment of hydrolytic and fermentative bacteria (52.2%) and 
perturbation of acetogenic and methanogenic community (total abundance of methanogens 
was < 4%) at an excessive OLR value (240% increase). Results from the lab-scale 
experiment also show the advantage of the simultaneous application of the 16S rRNA and 
mcrA marker genes to provide a better assessment of the methanogenic community in the AD 
process. 
Pilot-scale experiment was conducted to examine the impact of operational disturbance and 
recovery on microbial community. In agreement with the lab-scale experiment results, the 
methanogenic community in both mono- and co-digestion system was more susceptible to 
disturbance compared to the bacterial community. Further analyses revealed significant shifts 
in the community structure and composition under simulated operational disturbance. 
Taxonomical analysis showed an enrichment of hydrolytic and fermentative bacteria (total 
abundance in the two systems > 57%) as well as the hindered growth of acetogenic bacteria 
(total abundance in the two systems < 9%) and methanogenic community (total abundance in 
the two systems < 3%). The imbalance between core microbial groups resulted in the 




digester failure (biogas production decrease by > 45% and methane content fell under 49%). 
Addition of a well-adapted inoculum (17% reactor volume) to the failed digesters in a large 
amount (four times) has been shown to be an effective recovery method with short recovery 
time (i.e. 10 days). Biogas production and methane content of the mono- and co-digestion 
system after the recovery process were comparable to the phase prior to disturbance. 
Nevertheless, the fact that the microbial community did not return to its original composition 
indicates that there is functional redundancy within the microbial community and similar 
level of performance can be achieved by different microbial community structure. The 
inoculum capability to facilitate recovery was attributed to the supply of acetogens and 
methanogens to the systems. 
6.2. Recommendations 
This work has also inspired and led to several new research ideas: 
(i) Effects of other influencing factors such as co-substrate types or substrates pretreatment 
on the microbial community during AcoD should be examined. Insights gained will 
contribute to a more comprehensive understanding of the microbial community.  
(ii) Microbial community management through microbial-based and operational-based 
strategies could be tested to improve methane production and prevent digester failure. 
(iii) Different strategies for digester recovery and their impact on the microbial community 
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(µg)  A260/280 A260/230 
R1D71 171.2 13.7 1.64 0.67 
R2D71 324.6 26.0 1.68 1.00 
R3D71 346.7 27.7 1.77 1.21 
R1D77 214.6 17.2 1.76 0.73 
R2D77 167.1 13.4 1.76 0.87 
R3D77 186.3 14.9 1.61 0.75 
R1D84 151.7 12.1 1.74 0.74 
R2D84 294.4 23.6 1.73 1.04 
R3D84 234.1 18.7 1.66 0.64 
R1D91 287.9 23.0 1.72 1.16 
R3D91 154.4 12.4 1.70 0.62 
R1D98 276.5 22.1 1.69 0.95 
R3D98 124.1 9.9 1.73 0.40 
C73 252.3 20.2 1.74 1.09 
M73 261.3 20.9 1.70 0.95 
C80 216.3 17.3 1.78 1.33 
M80 217 17.4 1.71 1.04 
C87 258.7 20.7 1.70 0.58 
M87 172.5 13.8 1.75 1.01 
C94 115.7 9.3 1.78 1.16 
M94 218.3 17.5 1.73 1.08 
C99 210 16.8 1.71 0.93 
M99 151.5 12.1 1.68 0.73 
C103 189.2 15.1 1.73 0.86 
M103 166.9 13.4 1.73 0.70 
C106 325.8 26.1 1.68 1.05 
M106 263.1 21.0 1.73 1.30 
C108 255.2 20.4 1.74 1.27 
M108 186.4 14.9 1.75 1.08 
C115 315.3 25.2 1.73 1.20 
M115 272.8 21.8 1.69 0.91 
C122 307.9 24.6 1.72 1.08 
M122 255.7 20.5 1.69 1.10 
M136 164.1 13.1 1.67 0.81 
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